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SUMMARY 


OBJECTIVE 
Overall  Project 

Identity  and  initiate  development  of  power  electronic  technologies  which  will  provide 
improved  cost -effective  new  in  the  conversion  and  use  of  electrical  energy  by  SSBN  electronic 
systems,  either  through  reduced  cost,  improved  performance  or  both 

FY  7H  Task 

Determine  the  impact  of  switching-regulator  noise  on  sensitive  circuits,  including  low- 
frevjuency  communication  circuits  Initiate  an  assessment  of  the  costs  and  benefits  of  power¬ 
ing  a  typical  SSBN  subsystem  from  a  dc  source  and  switching-mode  power  supplies. 

RESULTS 

1  Sw itching-mode  power  supplies  van  be  compatible  with  sensitive  receiver  circuits. 

2  iK  signs  are  available  to  curtail  or  contain  electromagnetic  interference  (EMI) 
caused  by  the  switching  action 

*  State-of-the-art  switching-mode  power  supplies  can  be  designed  to  meet  the 
expected  new  Navy  (  I  -Of  limits  tor  Mil  -SI  D-461 A 

4  A  maior  breakthrough  in  reducing  EMI  is  a  recently  developed  topology  for 
switihing-modc  power  supplies 

*  As  -powered  sw  itching-mode  converters  decrease  tine  rectification  harmonics  to 
the  extent  that  they  conserve  power  Dc-powered  switching -mode  converters  eliminate  rec¬ 
tification  harmonu  x 

(>  (  ompared  to  dissipative  power  supplies,  low -voltage  switching-mode  power  sup¬ 
plies  oesupy  less  volume,  weigh  less,  cost  less,  and  use  less  energy 

RECOMMENDATIONS 

The  conclusion  that  switching-mode  power  supplies  arc  compatible  with  sensitive 
circuits  eliminates  a  roadblock  to  the  candidate  electrical  power  systems  proposed  in  the 
first  task  tl-'Y  77)  for  this  project  Therefore,  continuation  of  this  study  is  recommended 
For  the  next  phase  the  following  tasks  are  recommended 

1  Complete  the  cost  benefit  assessment  of  using  dc-input  switching-mode  power 
supplies  in  a  typical  SSBN  subsystem 

2  Conceive  a  system  design  based  on  the  candidate  electric  power  configuration 
proposed  in  the  tirvt  phase  of  this  project,  identifying  components  and  subsystems  that 
need  maior  development 
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I  Ml  SUPPRESSION  TECHNIQUES  FOR  SWITCHING-MODE  POWER 
SUPPI  IES  ft  I 


INTRODUCTION 


The  work  described  in  this  report  is  a  follow-on  effort  to  a  previous  task  reported  in 
NOSC'  I’R  1 77  Revision  A  1  The  previous  task  looked  at  the  present  SSBN  approach  for  con 
version  and  use  of  electrical  energy  by  electronic  systems.  Problem  areas  were  also  examined 
As  alternatives,  two  basic  candidate  systems  were  proposed  l  figure  I  i.  They  are  identical  in 
that  switching-mode  power  supplies  accepting  lugh-voltage  dc  (either  IhO-  or  270-V  del  are 
used  for  all  power  conversion  in  the  electronic  systems  These  switching-mode  power  sup¬ 
plies  are  smaller  and  lighter  than  conventional  400-11/  power  supplies.  Kach  configuration 
has  a  dc-hnk  to  provide  continuity  of  power  lor  critical  loads 


The  proposed  technology  has  a  potentially  high  leverage  for  achieving  the  SSBN  goals 
of  lower  life-cycle  costs,  improved  performance,  smaller  m/c.  and  less  weight  Potential 
advantages  over  the  present  approach  also  include  lower  initial  cost,  more  efficient  cooling, 
lower  power  consumption,  higher  reliability,  and  improved  immunity  to  momentary  power 
interruptions  The  several  power  electronic  technological  advances  that  are  central  to  this 
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approach  could  he  beneficial  to  tut  arc  SSBNs  whether  or  not  alternatives  I,  1 1 A  or  IIB  are 
selected 

I  he  results  ot  the  preceding  task  led  to  the  recommendation  that  a  study  of  these 
proposed  alternatives  be  continued  to  the  point  where  sufficient  information  for  a  decision 
is  available  The  recommendations  included  key  questions  to  he  resolved  and  activities  to  he 
perlormed  I  wo  ol  these  ke>  recommendations  are  the  basis  for  the  work  described  herein. 

I  hey  are  as  follow  s 

1  Determine  the  impact  ot  switching-regulator  noise  on  sensitive  circuits,  including 
low-tr<  queues  communication  circuits 

2  Determine  the  cost  and  benefit  to  a  typical  electronic  system  that  would  be 
obtained  by  powering  it  from  a  dc  source  and  switching-regulator  power  supply. 

Because  adverse  findings  in  recommendation  I  could  totally  negate  the  approach,  at 
least  lor  some  electronic  systems,  and  because  the  results  would  be  applicable  to  present 
programs,  recommendation  I  was  mit tally  pursued 

I  or  recommendation  work  was  initiated  but  not  completed  Yet  to  be  pursued  is 
the  following  recommendation 

,t  Conceive  a  system  design,  identifying  components  and  subsystems  that  need 
major  development 


ELECTRIC  XL  NOISI  IN  SWITCHING-REGULATORS 

A  major  shortcoming  ol  switching-regulator  technology  is  that  it  is  a  complex  tech¬ 
nology  that  appears  to  be  simpler  than  it  actually  is  Because  ot  this  apparent  simplicity, 
misjudgments  are  prevalent  in  the  design  and  application  of  switching-mode  power  supplies 
by  the  uninitiated  engineer  Nowhere  was  this  more  evident  than  in  the  early  days  of 
switching-mode  power  supplies  when  designs  were  made  without  regard  for  noise  prevention 
and  reduction  techniques 

In  the  past  few  years,  however  the  inherent  advantages  (especially  high  efficiency! 
ol  switching-mode  technology  for  power  supplies  have  spurred  advances  in  component 
design  (to  limit  tin  noise  sources!  and  design  techniques  (to  curtail  noise  coupling  to  the 
outsi  le  world  l  The  result  is  much  less  electromagnetic  interference  (EMI).  Furthermore, 
because  the  more  efficient  power  supplies  may  require  less  than  half  as  much  source  power, 
a  well-designed  ac  input  switching-mode  power  supply  can  result  in  less  EMI  than  a  compara¬ 
ble  less  efficient  ac  input  divsipative-type  power  supply  (since  all  60-  or  400-Hz  ac-to-dc 
rectifiers  emit  an  I  Ml  spectrum  reaching  beyond  the  commonly  used  20-kHz  sw  itching-mode 
frequency! 

To  explain  how  power  supply  noise  is  generated,  it  is  helpful  first  to  comment  upon 
the  operation  of  dissipative  and  switching-mode  power  supplies  and  the  differences  between 
them  I  hese  differences  and  power  supply  functions  in  general  are  discussed  in  the  following 
section 
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POWER  SUPPLY  FUNCTIONS 


A  power  supply  is  essentially  a  buffer  circuit  that  matches  a  load  to  its  power  source. 
Ideally,  for  a  load  compatible  with  the  source,  the  power  supply  function  would  be  served 
merely  by  interconnecting  wires  Usually  the  power  supply  function  is  more  complex,  requir¬ 
ing  conversion  and  regulation  of  various  electrical  characteristics. 

Power  supply  regulator  circuits  and  power  conversion  circuits  can  be  either  dissipative 
or  nondissipative.  Dissipative  regulators  regulate  by  varying  the  amount  of  power  they  dissi¬ 
pate  For  example,  f  igure  2a  depicts  a  series  regulator  in  which  the  series  pass  clement  is  indi¬ 
cated  as  a  variable  resistor,  a  functional  representation  The  worst  wattage  conditions  occur 
at  high-input  line  voltage  and  low-output  voltage  The  undelivered  power  is  converted  to 
heat  and  removed  by  a  cooling  system  One  type  of  nondissipative  regulator  commonly 
used  is  a  switching  regulator  that  regulates  by  vary  ing  the  amount  of  power  it  lets  through 
during  a  switching  cycle  This  is  done  by  varying  the  relative  ON  time  of  the  switch  (figure 
2Bl  Power  is  not  absorbed  Power  "hisses”  (conversion  to  wasted  heat  l  are  caused  by  less 
than  ideal  components  Switching  is  usually  in  the  10-  to  100-kllr  range,  although  higher 
frequencies  are  starting  to  In-  used  This  technology  can  provide  power  conversion  equip¬ 
ment  that  is  independent  ol  powerline  frequency 


(a)  SERIES  PASS  REGULATOR 


SWITCH 


figure  2  Simplified  diagrams  of  typical  senes  pass  and  switching  mode  regulators 


Regardless  ol  whether  a  dissipative  >>r  switching-mode  regulator  is  used,  conversion 
Irom  ac  to  dc  will  generate  I  Ml  due  to  the  rectification  process  It  rectification  is  not 
required  as  in  a  dc  electrical  power  system,  then  this  source  ol  predominantly  low  frequency 
I  Ml  does  not  exist  Sw  it  clung- mode  power  supplies  match  the  requirements  of  dc  power 
systems  because  isolation  can  readily  Ik*  achieved  with  a  transformer  at  the  switching  fre¬ 
quency  whereas  a  simple  isolation  solution  dives  not  exist  it  dissipative  power  supplies  are 
used  m  ik  systems  Although  there  are  overlapping  frequencies,  switching  regulators,  due  to 
the  switching  action,  are  potential  generators  ol  I  Ml  noise  at  higher  frequencies  than  the 
noise  produced  by  rectification 

I  he  type  ol  sw  ilching-modc  power  supply  proposed  in  this  project  is  called  an  on¬ 
line  sw  itching-mode  power  supply  Oll-lme  connotes  that  ac  power  is  immediately  reclined 
to  di  and  power  conversion  is  performed  at  frequencies  well  above  line  frequency.  1  here  are 
(vvo  types  ol  off-line  switching-mcwle  power  supplies  duty  -cy  cle  converters  and  resonant 
converters  I  he  duty  -cycle  type  regulates  by  vary  mg  the  ratio  ot  sw  itch  ON  time  to  Oi  l 
time  It  is  the  one  usually  referred  to  as  a  sw  itching-mode  regulator  and  is  the  one  discussed 
in  the  preceding  paragraph  as  a  potential  generator  ot  I  Ml  1  he  resonant  type  in  one  version 
regulates  by  varying  the  repetition  rate  ol  resonant  pulses  Another  version  regulates  by  con¬ 
structing  two  phase-slutted  sine  waves  from  a  series  ot  resonant  pulses  and  veclorially  adding 
them  m  an  ivdation  transformer  \  salient  feature  ol  both  versions  of  resonant  converters  is 
minimal  high-frequency  I  Ml  due  to  the  filtering  ol  the  resonant  circuit  Their  features  make 
them  attrailivc  lot  the  higher  power  and  or  higher  voltage  converters  Since  of  I -line 
sw  itching-mode  power  supplies  using  duty-cycle  modulation  ate  the  worst  iase  insofar  as 
I  Ml  is  concerned,  the  rest  ol  this  report  deals  with  the  duty-cycle  ty  pe  power  supply 

RKTIHC  WIONNOISI  IN  \(  TO  IK  POWtR  SUPPLIES 

I  igure  '  depicts  the  bridge  rectifier  commonly  used  lor  three-phase  inputs.  The 
transformer,  required  lor  dissipative  power  supplies,  is  optional  lor  switching-mode  power 
supplies  since  isolation  is  more  coxl-cllceli'cly  achieved  with  a  transformer  at  the  higher 
sw  itching  (requeue  y 

The  rectification  process  yields  two  vmrccsol  harmonic  emission  spectra  which  are 
conducted  on  the  input  power  lines  (distorting  the  smusohl.il  input  i  The  first  and  major 
source  stems  from  the  nonlinear  red  it  icat  ion  distortion  ol  the  basic  ac  sinusoidal  function 
\  step  function  or  "staircase"  current  waveform  results  I  he  second  noise  spectrum  is 
lUiiscd  by  energy  stored,  m  the  leakage  reactance  ol  the  circuit,  including  the  transformer 
secondary  .  during  rectifier  turn-off  As  a  result,  spikes  are  superimposed  on  the  basic  stair- 
case  waveform 

Basic  Waveform 

I  he  "ideal"  line  current  waveform  is  shown  in  figure  4  lor  single  and  Hirer-phase 
bridge  rectification  Rectifiers  operating  into  large  inductive  tillers  are  called  ideal  because 
the  dc-line  current  does  not  fluctuate  Both  three-phase  waveforms  contain  identical  har- 
momes  nn  number  and  amplitude,  see  figure  5 1  but  the  phases  of  the  individual  harmonics 
do  not  correspond,  which  explains  the  differences  in  the  waveforms  It  should  be  noted  that 
the  spectrum  shown  in  figure  5  and  discussed  here  may  be  modified  in  some  circuits  by  har¬ 
monic  currents  generated  from  the  magncti/mg  current  of  iron-core  transtormers.  and  by 
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harmonic  current  amplitude 
percentage  of  FUNDAMENTAL 


l  igurc  4  Harmonic  cuirentv  .auved  bv  tvpuUe  budge  rectification 


“jhnorni.il  harmonics"  due  in  voltage  unbalance  in  three-phase  systems  and  other  effects  - 
\  more  radical  change  in  the  “ideal"  spectrum  occurs  il  the  input  lilters  are  capacitive  which 
causes  lire  lower-order  harmonics  to  increase  m  magnitude  and  the  higher-*  ider  ones  to 
decrease  in  magnitude  '  Harmonic  problems  are  exacerbated  because  lower-order  harmonics 
are  more  difficult  to  filter  Inductive  input  tillers,  therefore,  are  preferred  to  capacitive 
input  tillers  lor  Navy  power  supplies 

I  sen  tor  large  inductive  tillers  the  waveshape  is  not  a  zero  rise  time  step  hut  more 
like  a  t rape /oid  I  he  tv  pis.il  current  risetune  is  ol  the  order  ol  one  or  two  microseconds 
without  a  transformer,  and  approximately  2<K)  microseconds  with  a  transformer  (the  leakage 
inductance  slows  down  the  rise  ii.dli  mtiesi  Both  with  and  without  a  transformer,  the  basic 
current  waveforms  s.m  he  approximated  by  a  trapezoidal  waveform  I  he  Fourier  transfor¬ 
mation  from  lime  to  frequency  domain  is  given  in  Appendix  V  wherein  the  rationale  tor 
representing  the  waveform  as  a  trapezoid  is  also  given  Mthough  the  individual  frequency 
spectra  are  different,  the  envelopes  ol  maximum  amplitudes  are  identical  tor  both  the  real 
and  approximated  waveforms 

FIk  curves  in  figures  h  and  7  are  plots  of  this  envelope  tor  full-wave  bridge  rectifiers 
with  and  without  transformers  for  bO-  and  400-Hz  fundamentals  normalized  to  one  ampere 
Note  that  for  a  slower  rise  time  iwith  transformer  I  the  40-d  B-pcr-decadc  drop-off  starts  at  a 
lower  frequency  I  »lr  i where  tr  is  the  rise  time) 
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Figure  7  Normalized  conducted  frcipieno  ipecfrum  of  a 
full  »avc  bridge  rectiftft  without  traniformcr 


figure  s  shows  i lie  actual  wavetorm  likely  to  be  encountered  m  transformer-rectifier 
cu cuits  I  lie  rounding  and  non-zero  rise  lall-timos  effects  arise  Iikiii  the  transformer  induct- 
a  nee  Spikes  resulting  from  diode  turn-ott  are  also  depicted 

Spike  l  mission  S|teclrum 

I  he  spikes  m  Insure  8  mat  be  approximates!  b\  either  a  trapezoid  or  a  "ringing" 
spike  I  he  I  ourter  Hailstorm  ot  a  ringing  waveform  is  given  and  plotted  in  Appendix  A 
i  figure  VI  1 1  I  he  frequenev  spectrum  envelope  exhibits  a  peak  and  then  decreases  at  40  dB 
jh-t  decade 

I  or  bridge  reel  liters,  the  peak  usuallv  occurs  between  50  kll/  and  T  MHz  The  cur¬ 
rent  spikes  caused  h>  secondar>  winding  energ>  storage  being  interrupted  In  the  diode  turn¬ 
ing  oil  are  more  pronounced  with  a  translormer  Some  "spiking"  is  still  present  without  a 
translormer  due  to  input  wiring  resonance  etlects 

Problems  l  tea  ted  b>  Rectifier  Noise 

I  he  main  ellect  ot  harmonu  currents  in  an  as  s\  stem  is  distortion  ot  the  as  voltage 
wasetonn  through  the  source  ansi  distribution  system  impedance  I  he  slistorted  waveform, 
in  turn,  can  s.iuse  problems  in  p«*orl>  designed  electronic  equipment .  increasi'd  power  losses 
in  motors  and  oilier  magnctu  devices  rest  need  torspie  in  high-el  I  u  iencv  induction  motors, 
and  cxsitalion  ot  undesirable  vibration  movies  through  elestrical-mechanical  couplings  i  ur- 
Ihermore.  a  distortevl  wavelorni  sail  act  as  a  driving  source  lor  submarine  hull  currents  |-'or 
these  reasons,  recentlv  revises)  specif  ications  place  a  '-percent  limit  on  the  amplitude  ot  any 
harmoniv  current  I  igure  5  shows  the  relationship  ol  the  5-percent  limit  to  the  harmonics 
generated  bv  the  normal  sis  pulse  bridge  rectifier  cirsinl  used  in  most  elcclr<*nic  systems  that 
are  powered  from  a  three-phase  source  ithe  specification  limit  is  much  tighter  than  can  !x‘ 
met  bv  six  pulse  rcvtilis.itionl 


l  igiirc  IvpKal  pci  phjsr  viirrent  wavelorni  ot  a  t  phase 
t f amf »>t met  reel lfici  pome?  \uppl\ 


I  he  approaches  used  to  reduce  harmonics  include  I  2 -  or  24-pulse  rectification,  liar- 
monu  traps,  and  loss -pass  liltcts  Ness  improved  approaches’*-' •*’  are  being  worked  on  but 
have  not  yet  been  completely  developed  I  hey  all  take  advantage  ol  switching-mode 
technology 

Reterencc  4  proposes  an  ac-to-dc  converter  m  which  the  rectified  waveform  is 
chopped  and  puhe-w idth-vont rolled  to  improve  the  line  current  waveform  Reterencc  5 
describes  a  switching-mode  system  in  which  a  noisy  bO-H/  line  is  ted  into  a  bandpass  filter 
and  emerges  clean  I  his  s>  stem  removes  voltage  surges  as  well  as  harmonics  In  both  refer- 
cnces  the  statement  is  made  that  the  high  chopper  frequency  I'  20  kll/i  is  easily  removed 
by  a  low -pass  tiller  compared  to  more  difficult  tillering  required  at  low  rectification 
frequens  ies 

\  technique  developed  under  trim  sponsorship  r reterencc  »>i  may  be  the  most  prom¬ 
ising  approac h  It  uses  three  parallel  olt-linc  sw  itching -nu*de  p>*w  er  supplies  w  hose  outputs 
are  I  icsl  together  to  form  a  single  ds  output  I  he  inputs  are  den  veil  trom  three  separate  diode 
bridges  that  appear  as  balained  single  phase  loads  to  the  power  system  I  he  input  impedance 
ot  the  oil-line  converters  are  made  to  appear  resistive  Siikc  single-phase  rectification  into  a 
resistive  load  prodiucs  no  harmoniss  (tie  method  reduces  harmonics  to  the  .'-percent  limit 
requirement  with  no  filtering  I  he  need  f.-t  three  small  switching  mode  converters  in  place 
of  one  large  one  may  appear  to  le  a  draw'  i  however  in  many  applications  it  may  l>e  an 
advantage  It  provides  a  method  ot  uur  asing  p.-wet  output  that  might  otherwise  be  limited 
bv  components  and  van  be  used  tor  nurea*ing  power  supply  reliability  by  redundancy  l'he 
failure  ot  one  power  supplv  reiluces  the  output  lapabihty  by  one  tlnril  and  unbalances  the 
load  presented  to  tin-  power  system  Since  anv  single  power  supply  is  a  small  load  compared 
to  the  total  power  system  capacity  this  has  no  system  ctlcst 

Impact  of  (  andidatr  Subsv  stems  on  ac-fo-dc  Kcclitiei  Suiv 

I  he  proposed  subsv  stem  I  (figure  I  »  eliminates  the  harmonic  current  problem  alto¬ 
gether  Subsystem  II  shitts  the  harmonic  problem  out  ol  each  individual  electronic  system 
into  one  or  a  limited  number  ol  points  m  the  power  system  I  he  harmonic  magnitudes,  how¬ 
ever.  will  be  decreased  because  lire  more  efficient  switching  regulator  power  supply  will  draw 
levs  current  and  correspondingly  lower  harmonic  amplitudes  It  the  low-frequency  trans¬ 
former  is  eliminated,  then  the  basic  harmonic  envelope  spectrum  will  not  decrease  as  rapidly 
< figures  (i  and  '»  but  high-frequency  "spiking'-  harmonics  will  decrease  because  the  magnetics 
amplify  the  spikes 

SWITC  HING-FRfcQl't M  Y  NOISI  IN  CANDIDATE  SYSTI  MS 

All  three  proposed  candidate  sy  stems  i figure  I  I  are  potential  generators  of  sw  itching- 
frrquency  fundamental  and  harmonics  as  a  result  of  the  sw  itching  action  T  his  source  of 

'kataoka  t  Mi/umadu  k  and  Mivairi.  S  .  " \  Pulse  Width  (  on  (tolled  A(  to  tK  (  oncertet  to  Improve 
Power  I  actor  ami  * avrform  of  AC  line  C  utrcnl."  paper  presented  to  the  If  f  t  International  SemR'onduc 
tor  Power  Converter  Conference.  Orlando.  Florida.  2*  March  I <177 

Nienham.  If  A  .  Bowerc.  J  ('  and  Brook  i.  J  f  .  “An  Active  Power  Bandpacv  filter,  Solid-State  Power 
Conversion,"  Vol  4.  No  4,pp  14-2.1.  July  August  l*>7S 
^1  Vico  Flee  Homes  Report  R  “H-.t  H.  “I  C  >eneral  Purpoce  Power  Conditioner  1  frequency  changer  I  Final 

Report  AC  IX  Section."  Contract  DAAK?0  77-C4XHV  April  IQ^H 
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noise  is  not  present  in  dissipative  power  supplies  although.  as  previously  discussed.  com  para - 
Me  noise  frequencies  are  present  from  ac-to-dc  rectification  I  he  mam  noise  sources  of 
switching  frequency  and  its  harmonics  are  the  switching  transistor  tor  thyristor)  and  the 
commutating  diode  figure  l>  shows  a  simplified  buck -switching  regulator  using  a  power 
transistor  as  the  switching  element  I  igure  10  depicts  the  transistor  current  waveform  for 
the  buck-switching  regulator  in  the  continuous  mode  I  he  basic  waveforms  are  given  m 
\ppendix  H  lor  the  buck  and  other  types  of  switching  regulators  Ihe  buck  waveform  was 
selected  In-cause  it  represents  the  maximum  line-conducted  I  Ml  compared  to  other  types  ol 
switching  regulators  t  the  boost  results  in  less  I  Ml  and  the  buck-boost  results  in  the  same  I- Ml 
as  the  buck »  Superimposed  on  the  basic  transistor  waveform  is  a  turn-on  spike  caused  by  the 
diode  recovery  current  (also  shown  m  t igure  1 0 1 

Basic  Wavetorm 

Ihe  basic  switching  wavetorm  (without  considering  the  diode  action)  is  shown  m 
I  igure  II  wliete  I  is  the  period  lor  one  cy  cle  i  50  usee  tor  '()kll/i  A  rise  time.  tj-.  for  the 
transistor  is  also  show  n  dot  simplic  itv  it  w  as  not  show  n  in  I  igure  I  (li  Rise  times  w  ill  vary 
w  ith  different  transistors  \  tast  rise  tune  w  ill  decrease  heat  losses  (more  efficient  I  but  will 
result  in  more  potential  I  Ml  I  ypical  use  tall  tunes  associated  with  the  switches  are  of  the 
order  ol  100  nsec  \s  shown  in  Xppendix  If.  the  wavetorm  (figure  I  I  I  represents  operation 
m  the  continuous  mode  tor  d  •  l)  Operation  in  the  discontinuous  mode  would  be  repre¬ 
sented  by  d  I) 

f  miner  transform  of  Basic  Waveform  I  or  both  continuous  and  discontinuous  oper¬ 
ation.  the  basic  wavetorm  c.m  be  modeled  as  a  tiape/okl  to  obtain  the  I  miner  transform  As 
explained  in  \ppendix  \  the  low  frequency  interference  levels  are  identical  for  many  pulse 
shape*  \bovc  a  frequency  ol  approximately  1  ipube  widlht.  tlie  frequency'  level  isdefer- 
mined  by  the  use  and  tall  times  ot  the  pulse 


SWITCHING 

TRANSISTOR 


f  igure  I  2  is  a  plot  ot  the  loci  ot  maximum  frequency  amplitudes  K'N*  for  a  20-kllz 
frequency  switching  regulator  w  it h  a  TO-nsec  rise-  tune.  The  lirst  harmonic,  a  20-kHz.  smus- 
okI,  ssill  have  an  amplitude  of  2  amps  w  so  that  lor  a  I -amp  peak  pulse  the  fundamental  peak 
current  is  l)  r>4  amp  or  4  dH  dow  n  from  the  pulse  peak  The  amplitudes  ot  the  higher  har¬ 
monics  will  be  equal  to  or  less  than  the  spectrum  in  figure  1  2  The  actual  spectrum,  a 
ism  vi  v  function  as  shown  in  Appendix  A.  figure  A-5.  will  result  in  lower  or  zero  ampli¬ 
tudes  tor  some  frequencies,  depending  on  the  width  ot  the  pulse 

T  urn-On  Spike 

I  he  spike  caused  by  the  diode  recovery  current  can  also  be  modeled  as  a  trapezoid 
I  he  usual  waveshape,  however,  is  a  damped  sinusoid  as  a  result  ot  circuit  and  parasitic 
resonances 

Tourier  Transform  of  Turn-On  Spike  Appendix  A  shows  that  the  I  ourier  transform 
ot  a  "ringing"  waveform  peaks  close  to  the  ringing  frequency  and  then  decreases  at  40  dB 
per  decade  I  he  amplitude  ot  the  damped  sinusoid  w  ill  depend  on  the  characteristics  of  the 
diode  recovery  I  Insetted  can  be  limited  by  the  use  ot  a  last  recovery  diode  (see  Appen¬ 
dix  I  i  l  smg  the  example  given  in  Appendix  A  but  converting  to  narrowband  i  narrow¬ 
band  broadband  ♦  20  log  PRR’i.  a  I -amp  spike  would  peak  at  the  “ringing"  frequency 
w it h  an  amplitude  ot  "2  dlf  *i  A  kHz  ♦  20  log  I’RR  (kll/i  Since  the  PR R  is  20  kHz. the 


I  igurc  12  Switching  regulator  basic  waveform  harmonic  spectrum. 
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amplitude  becomes  ’ '  dB  ♦  '<>  dB  l,H  >l|<  qA.  Hie  individual  frequencies  would  start  at 
the  PRR  with  a  lower  amplitude  future  I  4  is  a  plot  ol  the  loci  o|  maximum  Ireuuenctes  I  »r 
a  lamp  "tinging"  spike  with  a  peak  at  .*  Mil/  and  attenuation,  o.  ol  I  I  5.1  X  10s  nepers 

Resultant  C  onducted  Noivr  Spectrum 

I  igure  14  is  the  noise-  spectium  plot  cotnluned  from  both  the  Basic  waveform  and  the 
turn-on  spike  lire  resultant  envelope  is  shown  extended  at  the  low  frequency  end  to  account 
tor  suhharmomc  frequencies  caused  by  potential  imbalances  when  multiple  switching  transis¬ 
tors  are  used  in  the  regulator  design  (push-pull  or  bridge  operation  I  This  resultant  noise 
spectrum  assumes  no  I  Ml  tiller 

I  he  lower  curves  in  I  igure  I'  show  the  theoretical,  typical  spectrum  attainable  using 
a  two-section  It  tiller  I  Ml  I  liter  s  c  an  be  designed  as  a  single-section  low  -past  I  ilter  or  by 
caseading  several  single  section  liltcis  to  obtain  more  attenuation  Dr  Vu  demonstrates  that 
a  two-stage  tiller  results  m  a  lighter  optimum  weight  than  a  single-stage  tiller  when  Ivoth  are 
designed  to  meet  identical  peaking,  attenuation,  and  elliciency  requirements  I  Ins  two-stage 
tiller  is  turthcr  discussed  in  a  previous  paper  by  A  u  ami  Bicss  s  where  component  types  are 
recommended  based  on  the  tiller's  operation  (see  Appendix  <  l  Methodokrgies  and  compu¬ 
ter  programs  lor  optimum  powei  processing  siisiuts  (such  as  these  tiltersi  used  in  switching- 
regulator  power  supplies  have  been  developed  tor  the  S  AKA  "Modeling  and  Analysis  of 
Power  Processing  Systems"  (M  \PPS I  program  I  he  two-stage  filter  spectra  in  figure  14  are 
developed  in  Appendix  t  bv  .maty  sis  techniques  demonstrated  by  Dr  Middlebrook . 1  w  ho 
also  prefers  a  two-section  l  <  filter,  but  tor  a  different  reason  Dr  Middlebrook  gives  design 
criteria  lor  switching  regulator's  input  tiller  to  prevent  instability  I  units  are  placed  on  the 
filter’s  output  impedance  peak  magnitude.  /v  (treater  flexibility  is  achieved  with  a  two- 
section  tiller,  since  a  higher  /s  peak  can  K-  allowed  at  the  lower  of  the  two  resonant 
frequencies 

I  he  attenuation  curves  shown  in  Appendix  (  assume  ideal  components  1 1  .  ('  and  Rl 
which  are  frequency  -invariant  Ilus  is  »l  course,  not  true  In  particular  lor  the  capacitor, 
capacitance  varies  with  frequency  In  addition,  a  capacitor  has  riot  only  an  equivalent  senes 
resistance  il  SRl  but  also  an  equivalent  series  inductance  (I  SI  I  See  A|  pendix  (  (page  501 
tor  a  more  detailed  discussion  about  recommended  tiller  capacitors  lor  switching-mode 
power  supplies 

I  igure  I  5  depicts  plots ot  the  powerline  noise  current  without  and  with  a  two-stage 
input  tiller  (designed  tor  54-dB  attenuation  at  '(>  kll/i  l he  dotted  line  shows  the  theoreti¬ 
cal  attenuation  slope  it  the  tiller  capacitance  values  were  invariant  with  frequency  and  negli¬ 
gible  I  SR  and  I  SI  existed  I  or  the  frequency  region  shown,  the  unfiltcrrd  noise  declines  at 
a  '0-dB  slope  and  the  filtering  at  a  Mt-dH  slope  so  the  maximum  attainable  slope  is  80  -IB 

•» 

>ii. A  .el  iTRW  Defense  A  Spate  Ss  stems),  "formulation  ol  a  Methodology  lot  Power  Circuit  Design 
Optimization."  paper  presented  at  III  I  I'.-wei  I  Icctronu '  Specialists  (  onlcrence.  (  Ictcland.  OH.  June 
t*>7(*. 

'A ii.  A'  and  Bices.  J  I  .  "Some  Design  Aspects!  onscrnmg  Input  I  diets  toi  IM  IK  Conveners.”  paper  pre 
tented  a  II  he  Iff!  Power  Conditioning  Spec  lalists  Conference  PstaJcna.  (  A.  April  l*>7l 
’Middlebrook.  R  l)  .  "Input  f  liter  Considerations  in  Design  and  Application  of  Switching  Regulators." 
paper  presented  at  the  If  I  I  Industry  Applications  Society  Annual  Meeting.  ('Imago.  II  .  October  l*J7h 
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per  decade  \  more  realistic  curve  is  represented  by  .1  solid  line  which  assumes  ( a  I  capacitors 
are  chosen  to  have  the  specified  values  at  the  sw itching  frequency  (hut  decrease  with  increas¬ 
ing  frequencs  t.  (hi  hSK  and  I  SI  values  are  low  .  w  ith  I  SI  between  I  and  1 5  nil.  and  (cl  lead 
lengths  cause  about  1 0  dli  less  attenuation  at  I  Mil/  Macomher ' recommends  particular 
capacitors  anil  gives  experimental  data  which  are  noted  in  tigurc  I  5 

Figure  l(>  compares  the  predicted  (realistic)  noise  current  with  the  expected  new 
\av-y  (I  -Of  limits*  lot  Mil  -SI  l)  4(>l  \  l  he  predicted  envelope  (a  worst -case  prediction)  is 
below  the  expected  new  limits  tor  load  currents  ol  I  amp  and  below  I  or  load  currents 
greater  than  I  amp  and  up  to  2  Mil/,  the  new  limits  are  relaxed  in  proportion  to  the 
increased  current  and.  therefore,  the  predicted  noise  levels  remain  below  the  telaxed  limits 
up  to  2  MU/  However,  limits  are  exceeded  above  2  Mil/  lor  load  currents  greater  than  45 
amps  ( 154  dBu  A)  High  power  loads  of  such  magnitude,  however,  often  use  a  resonant-type 
switching  converter  which  generate  minimal  high  frequent)  I  Ml  and  a  high  frequency  FMI 
filter  can  be  added  to  the  basic  two-section  tiller 


l(1Mic<'intvcT.  I  l  .  “Switching  Regulator  Cap*. tint  Technology  Optimizing  Ripple  and  FMI  Suppression 
Performance."  paper  prevented  at  POWI  RC'ON  5  in  San  Francisco.  CA.  6  May  t Q7k 
*FOStrOS  between  W  Jackson.  NAVF  LF.X  51024.  and  1  Kamm.  NOSC  0244.  on  20 November  1078 
These  limns  are  being  used  now  lor  new  equipment  and  they  arc  being  incorporated  into  MIL-STI)-4<>ir. 
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NOTE 

Mil  STD  401  CE-03  NEW  LIMITS  FROM 
20  kHz  TO  2  MHz  MAT  BE  RELAXED 
FOR  EQUIPMENT  WITH  LOAD 
CURRENTS  >  1  AMP  ST  ADJUSTING 
THE  20  kHz  LIMIT  SV  A  FACTOR  OF 
20  LOG  (LOAO  CURRENT)  AND  DRAW¬ 
ING  A  STRAIGHT  LINE  TO  THE 
20  OR  ^  A  AT  I  MHz  POMfT 

EXPECTED  NEW  LIMITS 


PREDICTED  MAXIMUM  NOISE 
CURRENT  FOR  SWITCHING 
REGULATOR  POWER  SUPPLY 
WITH  1  AMP  PULSE - 


10 


10*  1<P 

FRIOUINCV  kH> 


figuie  In  Predulcd  maximum  n.  ive  lUirent  i.impjicd  to  expected  new  0-0.1 
Saw  limits  lot  Mil  SII>  -Jo  I 

Fffect  on  Nearby  Sensitive  SSBN  Receiving  l  ablex 

Sensitive  SSBN  receivers  operating  in  thr  noise  spectrum  frequency  range  arc  poten¬ 
tially  vulnerable  to  itching-regulator  I  Ml  I  lie  I  Ml  coupling  between  the  receiver  and 
the  power  xupplv  can  take  main  tonus  However,  ot  primary  concern  is  the  magnetic  cou¬ 
pling  path  between  the  power  supply  input  cables  and  the  receiver  input  cables  Therefore, 
calculations  were  performed  to  determine  separation  distances  required  to  prevent  interfer¬ 
ence  (tor  a  range  ot  standard  Vnv  cahlesi  1  he  interference  criterion  included  a  20-dB 
sensitivity  safety  factor  in  addition  to  the  required  receiver  sensitivity 

Magnetic  Tie  hi  I  missions  In  Vivv  electronic  subsystems,  the  current  from  the 
power  source  flows  through  twisted-wire  cables  before  arriving  at  the  switching  regulator 
power  supply  This  conducted  input  current  (figure  IM  sots  up  a  magnetic  field  which  can 
induce  noise  voltages  into  nearby  sensitive  receiver  cables  To  determine  the  magnitude  of 
this  magnetic  field,  models  have  been  developed  for  radiation  from  twisted-pair  lines  for 
near  anil  far  distances 

\t  near  distances  the  twisted-pair  can  be  modeled  as  a  parallel-w  ire  line 

Parallel-Wire  Model  1  1  For  parallel-wires  separated  at  a  distance  d.  the  magnetic 
flus  density  at  a  distance  r  is 

3  •»  *i1  -*T  for  r  <  d. 

*  *t  mversity  ol  Pennsylvania.  Moore  School  RepoM  No.  74-0.1 .  "Systems  Hcctromagnetic  Compatibility 
f  valuation."  bv  Showciv  R  M  .  Dolle.  K  .  and  Conrad.  T  .  ptepared  fo»  Naval  Ships  Systems  Command. 
.11  August  117.1  |  AD  1 1  llKi | .  pp  :H-.12 
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where  p  is  the  permeability  jikI  I  is  the  current  ami 


B  ^  plil  2»r~  for  r  >  J 

Twisted-Pair  Model  Ihe  maximum  flux  density  radiated  from  a  twisted-pair  cable  of 
pitch  p  and  conductor  separation  d,  a  distance  r  away  is  given  by  Moser  and  Spencer  *  - 

for  i  <  p  .V  use  parallel  wire  line  model 
B  =  pt,ld  iJirriir  ♦  ill 
and  for  r  >  p  V 

B  =  (p0l  V  prlt-ird  pll0<2#d  ple”*lrr  *\ 

where  I  is  the  current  and  l,,i  x»  =  the  /eroth-order  modifieil  Bessel  function  of  the  first  kind 
Showers,  et  al  (reference  I  I  I.  have  provided  a  plot  ol  the  ratio  of  Ilux  density  tor  a  twisted 
pair  line  to  that  ol  a  parallel  wire  line  as  a  (unction  ol  r  p  This  ratio  may  be  used  to  estimate 
the  maximum  ilux  density  from  a  tw  isted  pair  line 

Based  on  the  preceding  theoretical  work  (references  I  I  and  12  I.  Nl'SC  has  prepared 
tables  of  flux  density  at  various  distances  from  standard  Navy  cables  I  *  Data  troni  these 
tables  for  switchmg-regulator-noise  levels  were  used  as  one  input  to  calculate  the  cable  spacing 
requirements  (receiver  susceptibility  data  was  the  other  input  I 

Representative  Radiating  Cable  I  our  dillerent  sues  ot  Types  TSCiU  (three- 
conductor)  and  PS(il’  i  tw  o-conduclor  i  power  line  cables'-*  ' s  were  selected  as  representa¬ 
tive  cables  radiating  maximum  magnetic  fields  encountered  in  the  proximity  of  receiving 
cables  It  was  assumed  either  two-  or  three-condik  tor  cable  (maximum  1 ,000  volt  I  would  be 
feeding  typical  electronic  subsystems  Mil  -STP-I.T90.  Section  lOl.'*1  specifies  prelcrred 
shipboard  power  as  ungrounded  delta  -140  V.  three-phase,  oO  IP  ( Iherelore.  the  largest 
cable  required  is  1000-volts  i 

(able  Susceptibility  Ihe  voltage  induced  in  a  cable  by  a  magnetic  field  B  is  com¬ 
puted  by  faraday’slaw 

V  -  do  ill  I  3  2»f  AB, 

where 

0  *  AB  is  the  total  magnetic  Ilux  linking  the  effective  area  A  of  the  cable, 

*  'Mover.  J  R  amt  Spcnicr.  R  f  .  “Prcdicimg  i Ik  Mignctii  Fields  from  a  Twivicd-Pair  Cable."  Iff.E  Trans- 

ait  ions  on  Flcclromagnetk  Compatibility .  Vol  I  M(  10,  No,  .1.  Septembci  |U6K,  pp  A  2^-T  2^* 

*  Vnvlosure  ( 1 1  to  Nt  SC'  llr  ser  7  144-.1H.  Standard  Naiy  Twisted  Wire  Cable  Data.  January  1977,  ptepared 

by  Code  T44,  Naval  l  nderwatei  Systems  Cenlcr,  New  London.  Cl 
1  ^Department  of  Ihe  Navy  Militarv  Specification  MIL-C-91 5F,  (  able  and  Cord  f  lei  meal,  for  Shipboard 
l  ve.C>eneral  Specification  for.  Amendment- 1.  *  April  1 971 
'  ^Department  of  Ihe  Navy  .  NAVSf  A  09f.7-l  P  2R1  ^010.  Handbook  of  Submarine  l  icit romagne Ik  Shield¬ 
ing  Praiiices.  Section  6.  Change  4.  10  November  |97C 

'^Department  of  ihe  Navy  Military  Standard  MIL-STD-I .199.  Section  10.1.  Interface  Standard  for  Shipboard 
Systems,  I  leitrtc  Power,  Alternating  Current,  I  December  1 970 
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H  in  the  magnetic  llu\  density  assumed  uniform  over  A. 
and 

f  is  the  Iretiuency  al  which  V  is  to  In*  calculated 

1  he  effective  area  depends  on  the  cable  (reference  I  I .  pp  '<>— AK »  f  or  a  parallel 
wire  line  of  length  I  and  separation  d. 

A  =  ki 

f  or  a  coaxial  cable  of  length  I  and  eccentricity  ft. 

A  =  16 

for  a  twisted-pair  cable,  a  good  approximation  to  the  voltage  induced  is  that  induced  in  one 
half  twist  so  that  the  effective  area  tor  a  cable  ol  pitch  p  and  separation  d  would  be 

a  « :  x  :  *  x  d  :  x  p : « 0.3 1 k  pd . 

assuming  a  sinusoidal  projection  ot  the  helical  conductors  ' 

I  wo  cables  were  chosen  to  represent  extremes  in  the  susceptibility  range  lor  typical 
Navy  receiving  cables  I  ypo  2SWI  typifies  a  less  susceptible  cable  ( tw  isted-w  ire  I  with  an 
equivalent  area '  *  of  0.04ft  in*  <0  2>l  X  1 0  *  m-i  I  he  R(i-2f>4A  l'  coaxial  cable  was 
selected  to  represent  a  highly  susceptible  cable  since  it  lias  a  large  effective  area  of 
0  h*  in-  =  4  21  x  ID-**  m-  (reference  I  I .  p  I  5  1  i  Since  V  -  Tel  \B.  the  sensitivity  per 
magnetic  flux  density  calculates  to  be 

V  HtdBl  =  I  IdHiA  n  I  at  20  kll/  tor  2SWI  .able 

ami 


V  B(dB)  =  34sIBrV  I  at  20  kll/  lor  R(.-2<>4  \  l  coaxial  .able* 

Receiver  Sensitivities  Sensitivity  data  was  obtained  lor  receivers  operating  m  SSBN 
Integrated  Radio  Room  <IKR  i.'1*  and  sonar  subsystems  iSee  Appendix  I)  lor  some  sensitiv¬ 
ity  considerations  i  fhc  data  includes  protected  future  sensitivity  requirements  as  well  as 
current  ones 

figure  I  '  shows  the  receiver  sensitivities  ot  those  frequency  ranges  within  the  noise 
spectrum  of  the  switching-regulator  power  supplies  I  he  most  frequently  used  sonar  spec¬ 
trum.  between  3  and  10  kHz.  has  the  same  sensitivity  as  the  frequency  range  shown  but  is 
below  the  switching-regulator  noise  spectrum 

1  I  nivcrvitv  of  Pennsylvania.  Moore  School  Report  No  71-2?.  I eakage  amt  Coupling  of  Transmission  lancv 
Sv  Showers  R  M  .  prepared  (or  Naval  I  te.  tromc  Sv  sterns  Command.  Technical  Report  No  29.  Contract 
N00039- ? J -C -0103.  I<  June  |0?l 

1  Si  i  mu  graph  for  Fstimating  (able  Magnetic  Shielding  Requirements  prepared  hy  C  S  Navy  Underwater 
Sound  laboratory  (now  NISO 

'^RCA  Specification  No  K^hXOOf  Code  Idem  49671,  Spec  i  Oca  turn  for  IBM  Submarine  Integrated  Radio 
Room.  I  March  1977. 

"When  used  for  Vl>  receivers,  flic  R(.-2MA  C  coaxial  cable  is  connected  infernally  so  that  it  acts  like  a 
twisted  pair  and  us  sensitivity  is  independent  of  line  length  This  phy  sical  connection  causes  the  large 
effective  area 
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ll  .1  20-dH  vi I o t >  factor  is  used  then  l he  maximum  permitted  induced  voltage  will 
vary  fmm-r>4dBfj\  at  K>  kHz  to -2<l  dB*A  .it  100  Mil/ (figure  l~i 

Separation  Distances  (  jUii l.i i i« mi v *  were  performed  to  determine  the  interference' 
tree  separation  distances  required  K'twecn  the  representative  radiating  power  cables  and  the 
susceptible  receiver  cables  I  Vlails  am!  procedures  are  given  in  Appendix  I  I  able  I  lists  the 
results  l  or  one-amp  current  the  less  sensitive  type  2S\A  \  sable  would  need  to  be  from  2  to 
r>  inches  away  Irom  the  powerline  depending  on  the  power  cable  size.  and.  lor  200  amps,  a 
Itvmch  separation  would  be  needed  I  or  one-amp  current,  the  more  sensitive  R(i-2t»4  A  l' 
cable  would  need  to  be  *  to  10  inches  awav  trom  the  powerline  depending  on  the  power 
cable  si/e.  and  lor  200  amps,  a  21 -inch  separation  would  be  needed  No  shielding  was 
assumed  tor  these  calculations 

The  IRK  subsystem  contains  24  racks  of  electronic  and  support  equipment.  Two  of 
l lie se  racks  house  the  VI  I  and  I  I  receivers  i4  in  each  rack  t  and  a  third  rack  houses  the  HI-' 
and  VHF  equipment  < 4  receivers!  I  ach  VI  |  1  I  rack  requires  less  than  o  amps  of  bO-Hz 
power  and.  therefore,  separation  distances  of  3  to  15  inches  may  be  required  (table  1 1  How¬ 
ever.  the  racks  are  24  inches  wide  and  the  larger  cables  are  unlikely  to  be  used  Within  the 
rack,  power  wiring  carry  mg  less  current  can  be  placed  closer  to  the  receiving  cables  Thus  the 
required  separation  distances  are  practical  w  it h m  the  VII  1 1  racks  A  similar  analysis  for 
the  III  I  HI  rack  indicates  that  required  separation  distances  are  also  practical  for  the  cables 
within  this  rack 


*Catc  illation*  were  onlv  needed  at  20  klf/  because  the  induced  voltage  is  a  maximum  al  dial  frequency  . 
(See  Appendix  f  for  the  explanation  I 


I  s« .«  ;oo 
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N  >u-  DicUiki-s  .  '! rr ^'oml  l.  ij.lulcil  this  densities  levs  than  -'5  >1B*jI  Im  Type  2SVk  \  .able 
and  Ices  than  -'is  allul  |m  K(.  .'(>4  \  I  cable 

I  tut  side  (lu-  tacks  niv’fi-  than  one  power  cable  could  he  located  in  the  vicinity  of  the 
receiving  cables  \ssummg  .til  the  IKK  power  i.thlex  were  simultaneously  contributing  to  the 
induction  held,  the  result int:  field  would  he  less  than  a  held  from  a  cable  carrying  2(X)  amps 
•  adding  the  currents  statistic  alls  t  \s  shown  in  table  I  lor  this  worst  condition,  the  separa¬ 
tion  distances  required  would  still  he  reasonable.  I o  to  21  inches  It  the  physical  layout  of 
the  equipment  requires  closer  spacing.  then  flexible  conduct  shielding  s.tn  provide  more  than 
50dBot  attenuation  at  20k.ll/. and  higher  dB  '.dues  at  high  frequencies  (reference  15) 

These  results  show  that  the  sw  itching  frequency  and  its  harmonics  on  the  input 
power  line,  it  attenuated  as  m  tigure  I  5.  are  compatible  with  sensitive  receiver  circuits 

OIHI  R  M  VMM  STM  IONS  Ol  SWITCHING  I  Kl  Qll  M  V  NOISl 

I  he  discussion  thus  tar  has  been  limited  to  differential-mode  power  line  conducted 
noise  which  m  turn  causes  a  radiated  magnetic  field  Sw itching-frequency  noise,  however, 
can  manifest  itself  in  other  ways  It  is  generated  within  wiring  and  non-ideal  components  of 
the  power  supply  and  can  be  radiated  to  the  outside  world  inductively  or  capacitively  Also, 
on  the  output  leads,  a  ripple  voltage  always  exists  in  the  form  of  dif  tercntial-niode  conducted 


Suppression  of  Inlcrnallv  Radiated  Noise 

\x  indicated  in  several  articles  in  recent  literature,  a  concensus  exists  that  I  Ml  radia¬ 
tion  from  within  the  chassis  is  no  longer  a  major  problem  This  potential  noise  problem  has 
been  successfully  solved  in  recent  years  In  the  past,  switching-mode  power-supply  manufac¬ 
turers  avoided  reference  to  I  Ml  except  for  specifying  output  ripple  Today,  however,  many 


low  l  Ml  designs  extxt  and  nun>  nianufac Hirers*  Jo  not  hesitate  to  refer  lo  low  I  Ml  m  their 
cafakigs.  in  some  sjses  referencing  MU  Si  l  arul  other  governmental  01  industrial  spcci- 
tuations  One  manulacturet -11  slates  that  their  ’’-watt  power  supply  meets  the  industrial 
\  Dl  **  noise  xpecitication  without  xhirkling  enclosures  or  heat  sinking  surfaces  by  providing 
short ,  low  impedance  return  paths  tor  noise  sources  and  shielding  the  switching  elements 

Several  tests  have  recently  appeared  in  which  noise  reduction  tcchiik|ues  are  dis¬ 
cussed  (lOttlieb-  '  states  that  recent  understanding  ol  muse  tillering  and  suppression  tech- 
nkjues  have  enabled  the  designer  to  contain  the  spurious  noise  energy  within  the  physical 
coniines  ot  the  pow  er  supply  A  hook  by  (lit  -  *  is  devoted  exclusively  to  noise  reduction  in 
electronic  svstems  and  much  ot  the  detailed  theoretical  and  practical  information  therein  is 
directly  applicable  to  switching  tinkle  power  supply  noise  reduction 

Some  ot  the  (ccIiiik)ucs  given  m  these  texts  are  discussed  in  Appendix  I  .  which  also 
discusses  several  resent  articles  concerned  with  I  Ml  reduction  methods  tor  switching-mode 
circuits 

Ripple  on  Output  l  eads 

Output  tipple  is  an  inherent  chatasteristis  ot  switching-mode  power  supplies  There 
is  always  a  residual  somponent  <>1  the  switching  Irequency  I  his  residual  component  ripple 
can  be  made  arbitrarily  small  w  it li  filtering  I  igure  '  show  s  a  ty  pical  l  (  output  filter  It  sail 
be  designed  for  low  output  ripple  and  even  loss  er  ripple  values  are  achievable  with  multi¬ 
stage  filters  \erv  low  ripple  designs  however,  can  be  expensive  in  component  cost,  am)  are 
more  difficult  to  stabilize  I  ■•rtunatelv  modern  dav  digital  logis  circuits  have  excellent  noise 
immunity  and  wide  switching  margins  It  is  poor  economy  lo  over-speedy  power  source  out¬ 
put  noise  rtie-etorc  the  maximum  ripple  and  noise  specification-  '  for  the  recently-awarded 
Saw  SI  M  power  supply  modules  , alls  tor  ♦!  ot  output  voltages  or  100  mV,  whichever  iv 
greater 

\  juestion  remains  What  is  tin  most  cost-etlesti'e  way  to  deal  with  analog  circuits 
tfiat  sannot  tolerate  sm  h  ripple  ’  <  Mien  only  one  or  tw  o  k  ntn.il  *  its uits  require  very  low 
ripple  These  sensitive  sirwnfsare  best  handled  bv  adding  a  point-of-use  series  regulator 
Mv  locating  tb  •  lossv  regulator  at  the  noise  sensitive  circuit  losses  are  kept  at  a  minimum 
Other  sircmts  t  d  bv  the  power  supply  rn.iv  not  need  vers  low -ripple  voltages 

f  t  example  ffewlett  Pa.Xa- I  V.mcHfOis  I.  ild  (  ns,--  \(|X  I  Icstronicx  T.*dd  Produsts  and 

I  amKla 

•  • 

A  ethane,  tV  ut  diet  t  e  if  if .  t  inker  i\  I  >1  l  Inter  tor  erne  1  .  -nit  x  i  W  <-si  ( .ermanv  i  ire  rxpe,.  led  lo  he  the 
kjxrx  lor  in  i  lie- 1  limit*  t.  •  m  I  it  -  -pea:  in  Hie*  1  lie  limns  ate  given  in  In  telle  tense  Trshnol.sgs 

1  ng  mens  Masiri  (Iff  Ml  i  ‘  '*  uiMish,-  >-s  H.V  M  I  nicipiixr  *  pp  104- I0< 

*S,  tun*-  Iptring  I)  V  The  Ik-. nr:  ltir  <  riset  .'mil  Series  Power  Supplv  piper  enclosed  with  (  onver 

hr  shuie  t  uperlip:  <  \  \  igtisi  l‘<~c 

-  N.  oVh  1  Xw  t.hing  Rrgulilois  and  Power  Supplies  Tab  Hooks  fu*r* 

‘  "t  »tl  fl  W  S. ns*  Redmtion  Icshmq  io s  m  I  lestronn  Sy  stems.  John  W  ifrv  A  Sons.  l‘J'(s 
•  Department  J  the  Sas-v  Sisal  Otdnanse  Sx  stem  <  -mmand  N  WORD  DVD.  Numbet  AV2  |<*0I .  Powet 
Supply  MoJulcs  Standard  Hcstr  nk  Module  rSf  Ml  program  (•encral  Sproftsalion  toi  I  I  Juh  |u?7 
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Structure  currents.  Jiwuvtctl  in  j  preceding  rtputl  tidficiuc  I V.  can  create  prob- 
K-tmm  sensitive  VI J  equipment  MSI  has  conducted  extensive  investigations  to  identify.*4 
to  determine  the  causes  tor.  and  to  find  solutions  for  this  problem  I  hey  found  the  structure 
,  urrents  were  c  iced  by  large  line  to-chassis  I  Ml  tillers  feeding  harmonics  to  the  structure 
I  or  example,  tests  on  the  I  SSlill  l  ARRO*5  400  11/  powerline  showed  that  capacitive- 
input  tiltei  tv  iv  power  supplies  were  causing  large  structure  currents  through  line -to-ground 
capacitors  ot  approximately  115  *rl  per  phase  I  he  switching-frequency  power  supplies  were 
maiot  otlenders  hut  not  primarily  trom  their  switching  frequency  harmonics  They  were  sup¬ 
ply  mg  excessive  rectiticatKm  lurmonics  because  they  used  c  apac  itive-mput  tillers  (NOT!. 

In  the  past  it  has  been  verx  common  tor  switching-mode  power  supplies  to  be  designed  with 
capa>.  itive-mput  tillers  However,  asdiscusscd  in  the  section  on  input  filters  and  in  Appen¬ 
dix  t  either  one  or  two-stage  l  -l  tillers  are  recommended  to  sulliciently  attenuate  the  con¬ 
ducted  sw  itchmg-Dexpiencv  line  current  t  M  S(  has  reported  that  capacitive-input  tillers 
result  in  higher  low -order  lectituation  harmonies  titan  inductive  input  tilteis.  and  recom¬ 
mends  using  indue  live  input  tillers  it  apacitive  input  tillers  also  result  in  lower  power  factors 
requiring  more  system  k\  \  than  may  be  available  i  Although  rectification  harmonics  appear 
to  be  the  maior  source  ot  structure  e urrents.  switching  frequency  harmonics,  if  present,  will 
also  cause  structure  currents 

M  St  eont nines  to  work  on  this  problem  ami  vine  ot  the  solutions  recommended  so 
i  n  t reference  ;<i  include  lai  isolation  translormcrs.  (bl  line  to-lme  tillers,  (d  multi-phase 
translormers  to  rediise  harmonic  levels,  and  nil  limiting  Imc-to-chasMs  capacity  in  I  Ml  til¬ 
lers*  i although  where  large  ones  already  are  installed  it  may  not  be  advisable  to  change  since 
thev  also  reduce  the  rectification  harmonic  distortion!  As  discussed  in  the  section  on  rccti- 
lK-r  noise  new  vdutions  to  reduce  rectification  harmonics  are  being  developed  and  the  Delco 
approach  appears  to  be  particularly  promising  Recently  .  M  S(  has  prepared  computer  pro- 
crams-'  tor  the  predu  lion  ot  striKture  currents  (caused  principally  by  unbalanced  linc-to- 
g round  impedances i  Potential  platforms  and  facilities  are  being  investigated  to  validate  the 
I  Mt  model 

I  he  two  proposed  candidate  systems  dilfer  in  their  impact  on  the  structure  current 
problem  and  its  solutions  In  configuration  I  (figure  I  >.  which  eliminates  the  rectification 
harmonic  problem  the  only  sounc  ot  structure  currents  will  be  the  switching  frequency  har- 
moriKs  it  present .  but  large  I  Ml  capacitors  should  not  be  necessary  it  techniques  discussed 
in  Appendix  I  are  applied  there  is.  however,  no  eass  way  to  notate  the  structure  currents 


t  nJei water  Sxuemst  enter  hr  144  DM)  dim  -*4txi  vef  ”'44  I  go  to  S  AN  SI  \  and  SAVSK  cut  ) 
t  offlimm  mode  and  Structure  (  urrent  Measurement  Definitions  Shipboard  Measurement  Procedure  and 
(  ompritdiunt  ot  ShiptnvMd  20Mj\ 

MW  t  nderware.  Ssoermt  enter  Hr  »44  DM)  dim  •Mill)  cei  s»44  IM  toSAVM  \  and \AVSK  subl 
leo  Keuihs  ami  Re  o-mmendations  Resulting  trom  Post  Overhaul  I  Mt  Measurements  (  ondueted  on  (tie 
41  uv  ||/  p  werhiie  •  *i  t  sst.t  II  \KRDrSsS  w«'i  ‘  M.iv  l*»7h 
-'Nl  st  IXtS  ‘"Itrci  |',.wei  Suppb  Design  and  (  urrent  I  missions  hy  t.  J  Maiewski  I  August 
|u77 

-  \t  st  |VI  y,>  'si  |  |s  Prediction  of  (.round  Plane  Structure  Currents  "  hy  («  t  Maieuski.  *  June 

t*)JR  _ 

*Ke»i*d  Mil  st  |)  4M  \  cfTcifiec  line  lo  ground  capacitance  nol  to  exceed  0  I  n\  lot  M)-Hr  equipments 

•  u  0  (i;  »it  lor  4i»>  It/  equipments 


it  they  do  become  a  problem  in  system  integration  (  on  1  juration  II  tliiture  1 1  does  allow 
tie x ibilit >  in  locating  isolation  tiansloiniers  to  reduce  structure  currents,  but  at  the  cost  ol 
retaining  (he  rectif  ication  harmonics  and  then  resultant  structure  currents 

F'UTURF  LOW-NO ISt  DESIGNS  TWO  MAJOR  DEVELOPMENTS 

A  recently  developed  version  ol  a  cascaded  optimum  topology  sw  it  clung  -mode  power 
supply  is  a  major  breakthrough  in  reducing  l  Ml  Also,  the  advent  of  VMOS  field  effect  tran¬ 
sistors  (Fill  has  made  possible  duty-cycle  power  supplies  with  higher  sw  itching-frequencies 
easier  to  t liter .  and  therefore,  less  FMI  is  easier  to  attain 

New  Optimum  Topology  Configuration-* 

Ihis  novel  converter  (figure  Is..  i  has  the  same  general  conversion  property  (increase 
or  decrease  ol  the  input  d..  voltage)  as  does  the  conventional  buck -boost  converter  (figure 
H  I  in  Appendix  Hi  However  its  new  optimum  topology  (maximum  performance  for  mini¬ 
mum  number  of  part  si  results  in  red  used  I  Ml.  as  well  as  higher  efficiency,  lower  output  volt¬ 
age  ripple,  smaller  si/e  and  weight,  and  excellent  dynamic  response  It  combines  the  low 
pulsing  input  current  ol  the  boost  converter  itigure  I  Sal  with  the  low  pulsing  output  ripple 
ol  the  buck  converter  itqture  I  Hbl  I  he  advantages  ol  both  converters  are  thus  combined 
rather  than  the  disadvantages  as  in  the  buck-boost  converter  i  Appendix  Bi  Both  input  and 


output  currents  are  not  pulsating  bul  are  continuous,  essentially  dc  with  small  superimposed 
switching  current  ripple 


IQ 

I  he  basic  design  lias  been  extended  m  several  aspects  In  one  extension.*  the  input 
and  output  inductors  are  combined  on  the  same  core  (fixture  IXdl  in  such  a  way  that  not  only 
are  lx»th  the  input  and  output  current  retained  nonpulviling.  but  an  order  ol  magnitude  or 
more  in  further  reduction  ol  either  input  or  output  current  ripple  may  be  achieved  (either 
the  input  or  output  current  ripple  sail  be  made  es  entially  to  vanish!  A  second  extension 
(reference  I  uses  the  symmetry  feature  ol  the  design  to  achieve  both  positive  and  negative 
output  polarity  with  the  same  unit  through  true  bidirectional  implementation  of  the  switch 
using  VMOS-I  I  I  power  transistors  V  third  extension  achieves  dc  isolation  and  multiple 
outputs  (figure  I  He!  Another  application  '*  ol  the  bidirectional  characteristic  (power  can 
tlow  in  either  direstioni  is  lot  battery  conditioning  as  a  charge-discharge  regulator  in  place  of 
s-onvention.il  separate  converters 

VMOS-I  l  I  Higher -I-  revpiencx  Power  Supplies 

\s  was  discusscil  previously .  increasing  the  sw its  lung-1  resiliency  sail  result  in  more 
attenuation  lor  given  si/e  tiller  components  (or  smaller  components  lor  the  same  attenuation! 
I  lie  primary  drawback  degradation  ol  ellisiency  due  to  uisicascil  switching  losses  has 
been  largelv  overcome  by  th  - application  ol  \  M<  >S  sw  itching  devices  It  is  anticipated  that 
as  YMON  technology  matures,  operation  at  1(H)  kll/  and  Iseyond  will  become  more 
commonplace 
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PRELIMINARY  COST-BENEFIT  STUDIES 


A  Business  Week  article-*-*  stales  that  "switching  technology  is  edging  linear  products 
out  of  the  S 2  billion  market”  in  power  supplies  "Switching  components  are  dropping  in 
price,  and  new  integrated  circuits  lit  st  are  consolidating  many  control  functions  into  one 
device.”  As  a  result,  "switching  supplies  have  been  growing  30  to  33  percent  annually  tor 
the  last  lour  years  By  ll>H0.  sales  of  switchers  are  expected  to  reach  S333  million,  which 
would  double  their  current  market  share 

A  new  power  supply  company  was  started  recently  because  two  years  of  market 
research-*'*  showed  an  "enormous  potential  market  lor  switching-regulator  power  supplies," 
and  that  "within  the  last  two  years,  switcher  manufacturers  have  solved  the  reliability,  cost 
ami  HI  I  problems  that  plagued  earls  designs 

As  these  quotations  Irom  recent  literature  indicate,  the  advantages  are  considerable 
I  he  sc  advantages  w  ill  benelit  electronics  s\  stems  ol  existing  and  luture  SSB\  submarines  il 
one  ol  the  proposed  candidate  approaches  (figure  I »  are  implemented  Configuration  I.  how¬ 
ever  will  reap  an  additional  benefit  by  eliminating  the  ac-to-dc  convertertsl 

To  determine  the  magnitude  of  these  benefits  tor  SSBN  submarines,  work  was  ini¬ 
tiated  to  assess  the  costs  ami  benefits  of  using  dc-input  switching-mode  power  supplies  in  a 
tvpual  electronic  subsystem  I  he  Integrated  Radio  Room  i  IRR  i  subsystem  was  selected 

To  date,  initial  studies  have  compared  dissipative  and  switching-mode  power  supplies 
in  acquisition  costs,  operating  energy  requirements,  weight,  and  volume  These  study  results 
will  be  one  of  the  inputs  to  the  cost  -benefit  study  tor  the  IRR  subsystem  Also  other  costs 
ami  benelils  will  be  assessed  il  applicable 

Although  considerable  information  was  obtained  about  the  IRR  electronic  equip¬ 
ment.  I  Y  plans  are  to  seek  additional  parametric  data 

ACQUISITION  COSTS.  OPI  RATING  EM  RGY  COSTS.  AND  WEIGHT 

I able  2  compares  the  cost  ol  switching-mode  power  supplies  to  r»0  and  400  11/  dissi¬ 
pative  power  supplies  from  the  same  manufacturer's  catalog  I  he  switching-mode  power 
supplies  weigh  the  least,  cost  the  least,  and  use  almost  30  percent  less  energy 

VOLUME 

The  impact  of  power  conversion  efficiency  can  be  illustrated  by  comparing  the  rela¬ 
tive  volume  occupied  by  the  load  and  the  power  conversion  subsystem  under  equal  thermal 
density  conditions,  i  c  .  Klentic.il  cooling  and  component  temperatures  The  relative  volumes 
for  different  efficiencies  are  shown  in  table  3  The  volumes  are  proportional  to  relative  power 
consumption,  cooling  requirements,  volume  and  weight  They  are  also  sometimes  propor¬ 
tional  to  cost  and  failure  rate  The  efficiency  is  not  arbitrary  but  reflects  the  typical  effi¬ 
ciencies  to  convert  shipboard  electrical  power  to  3-V  dc  The  first  three  efficiencies  represent 


’ ' An  I  IfittiTving  New  Market  in  Power  Supplies  an  article  in  Business  fkeek.  October  31.  IQ77 
'"Small  (  former  AMS  HeaJ  Static  Power  Supply  firm.  I  Ice  ironic  I  nginecnng  Times,  fulv  10.  |U7H 
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Table  2  Power  supply  comparisons  •* 


Pui. 

W 


I  nci |t>  Acaif 
kWh 


Type 

Cost, 

S 

Weight 

lb 

n. 

% 

Pout. 

w 

Pm. 

W 

Tncigy  Acaif 
kWh 

f*ll  11/  Ihssipalisc*’ 

1.450 

80  5 

35 

300 

857 

7.507 

4oo  >1/  Oissipalisc' 

1  »*44 

2b  1 

15 

mo 

857 

7.507 

Sw itching  M.k1cj 

1.23** 

lb  2 

65 

300 

4b2 

4.043 

Switching  M.sic  Power  Supplies  .Sjsni|ts 


Acquisition  t  mi  Sump  S2I I  to  5405 

I  nr i |ts  Savings  Pri  A  car  .1.41*4  kWh 

Wright  Saving  10  5  lo  f*4  3  lbs 

Soles 

■'Sealed  powci  supplies  11**111  \  “'.•ii  li  insist,  i  I  jb.«t  jlotics  P.«wci  Supply  I  a l al* «•; 

\li*slrl  V  '4  is  '  A  i  I ’Al'- units  S2*/0each 
\li*slel  W  'll 'll  t  sA  MAI  *  units  SS4Hca*.h 
JM.**lel  V\|I»M)  <\t<\  20Al  3  units  S4I  l  rash 
*  s .  'mi  h  seal 


Table  ?  Power  supply  volume  versus  elticiency 


1  ilurncv 

1  oad  V  ilurnt 

units 

Power  Supply  \  olume 
units 

S\  sic ir.  \  olume  Occupied 
hs  P"«et  Suppls . 

A  1 

1 

3  55 

78 

si 

1 

2  -0 

73 

35 

1 

1  nr* 

h5 

b5 

1 

0  *4 

35 

HO 

0  25 

20 

slisstpalive  regulators  I  wcnly-lwo  percent  efficiency  is  typical  of  submarines  for  electronics 
using  400-11/  power.  2”  percent  efficiency  is  typical  of  surface  ships  for  electronics  using 
400-11/  power.  35  percent  efficiency  is  typical  of  submarines  and  surface  ships  for  electronics 
using  <*0-11/  power  and  for  aircraft  An  efficiency  of  65  percent  is  typical  of  present  day 
s\s  iKhing-misde  power  supplies  operating  Irom  the  plaltorm  primary  power  source.  Fighty 
percent  efficiency  is  within  present  technological  limits  The  advantage  of  using  highly  effi¬ 
cient  power  conversion  in  reducing  si/e  and  weight  of  electronic  systems  is  illustrated  by 
table  3  and  by  previous  studies  where  the  issue  is  discussed  (reference  2i. 


SSBN  INTEGR  ATED  R  ADIO  ROOM 


Data  were  obtained  on  the  physical  characteristics  of  the  24  IRR  subsystems  (includ¬ 
ing  estimates  for  growth  equipment ».  The  data  included  the  following  parameters: 

•  weight. 

•  width,  depth  and  height. 

•  deck  load  (lbs  ft  - ), 

•  connected  load  (watts  at  the  various  line  voltages),  and 

•  cooling  load  (both  water  and  air  watts). 

An  inventory  and  description  of  the  equipment  in  each  subsystem,  and  for  some 
equipment,  specific  power  supply  data  were  also  obtained  Additional  information  will  be 
sought  in  FY 


I  V  7H  Rl  SCJLTS  AND  tX)Nl  LUSIONS 


1  lie  study  ot  electrical  noise  in  switching-mode  power  supplies  yielded  designs  aim- 
(Vi  I  lisle  with  sensitive  circuits  Specific  results  and  conclusions  are  as  follows 

a  Switching-frequency  fundamental  and  harmonics  on  the  input  power  line  can  he 
sufficiently  attenuated  to  tv  compatible  w  it h  sensitive  receiver  circuits,  even  those  operating 
in  the  •winie  frequency  range 

b  State-of-the-art  sw  itching-mode  power  supplies  can  he  designed  to  meet  the 
expected  new  Navy  Cl  -03  limits  for  MU  -STI)-4t>I  A 

c  Internally -radiated  noise  is  no  longer  a  maior  problem  Noise  reduction  techniques 
must  tv  used,  and  as  they  are  being  used  successfully,  information  about  them  is  available. 

d  \c -powered  switching-mode  power  supplies  decrease  line  rectification  harmonics 
to  the  extent  that  they  conserve  power,  which  lot  5-V  supplies  is  about  one-half  the  ampli¬ 
tudes  obtained  with  dissipative  power  supplies  |o  achieve  further  attenuation,  several 
methods  exist  and  new.  better  approaches  look  promising  l)c -powered  switching-mode 
power  supplies  eliminate  rectification  harmonics 

e  Output  ripple  is  an  inherent  characteristic  ot  switching-mode  power  supplies.  The 
most  cost  effective  way  to  deal  with  intolerant  sensitive  analog  circuits  t usually  only  a  few 
require  very  low  tipple)  is  by  adding  a  point -of -use  regulator 

t  \  maior  breakthrough  in  reducing  I  Ml  is  a  recently  developed  optimum  topology 
switching-mode  power  supply  Both  the  input  or  output  current  ripple  at  the  switching  fre¬ 
quency  can  he  made  essentially  to  vanish  I  urther  development  ot  resonant  converters  and 
VMOS  sx  ill  also  result  in  reduced  I  Ml  converters 

Initial  cost -benefit  studies  show  that,  compared  to  dissipative  power  supplies  in  sub¬ 
marines.  low  voltage  switching-mode  power  supplies  occupy  I  '  to  I  3  the  volume,  weigh 
I  5  to  I  2  as  much,  use  halt  the  energy  and  are  15  to  2*  percent  less  expensive 


RECOMMENDATIONS 


The  conclusion  that  switching-mode  power  supplier  are  compatible  with  sensitive 
communication  circuits  answers  j  Wes  question  raised  in  the  I  V  77  study  A  roadblock  to 
the  proposed  candidate  system  is  eliminated  Therefore,  continuation  of  this  study  is  recom¬ 
mended  to  the  point  w  here  sufficient  information  for  a  decision  is  available.  As  a  follow-on 
effort,  the  following  activities  should  be  performed 

1  Complete  the  assessment  of  costs  and  benefits  ol  using  dc-input  switching-mode 
(vow er  supplies  in  the  IRR  subsystem 

2  Conceive  a  system  design  based  on  the  proposed  configuration,  identifying  com¬ 
ponents  and  subsystems  that  need  major  development 

}  Obtain  additional  data  on  measured  I  Ml  from  switching  regulators 


APPENDIX  A  FOURIER  TR  ANSFORMS 


FOURlfcR  TRANSFORM  FOR  TRAPEZOIDAL  WAVEFORMS 
Periodic  W  aveform 

By  Fourier  analysis  the  amplitude  at  the  frequency  ot  the  n"'  harmonic.  (  N.  fhe 
symmetrical  trapezoidal  periodic  pulse  (ligure  A-l  l  is 

it  ♦  t  i  sin|*n(t0  +  tfl  T|  *in(wnlr/T» 

=  u - - -  - - - —  ( 1 1 

N  “  T  *ntt0'Mr»/T  *ntr,T 

lor  t,,  *  tr  I  (  \  is  plotted  m  future  A-2  for  lower  order  harmonics  (assuming 
Isimnlf  !  i|  i ntr  T »  3  I  » huh  is  true  lor  small  values  of  ntr  Tl.  This  is  the  same  result  that 
would  he  obtained  for  a  square  wave  where  only  »*dd  harmonics  are  obtained. 

Modified  1  hree- Phase  Waveform 

I  or  three-phase  rectilication  with  no  trarislormer  or  with  a  delta-delta  transformer, 
the  line  current  wavelorm  van  he  represented  hy  figure  A-J 

•\  |  owner  analysis  ot  a  similar  waveform  (assuming  tr  =  Ol  is  shown  hy  Schaefer 
to  result  in  all  .Hill  harmonics  except  lor  n  (». etv  .  with  the  same  amplitudes  as  for  the 
square  wave  (figures  \4(ai  and  ihn  Since  the  low  Irequency  harmonic  spectrum  is  the 
same  lor  both  the  rectangular  and  trapezoidal  pulses  the  harmonics  relationships  shown  in 
figure  V4(  a  I  and  I  hi  also  apply  to  (eland  id) 

/  or  in  *  tr  <  /  \  is  plotted  in  ligure  A-5  lor  lower-order  harmonics.  This  is  the 

same  result  that  would  he  obtained  tor  a  rectangular  pulse 

Fnvrkqie  Approximation  of  Harmonics 

I  he  envelope  ol  the  low  -ordered  harmonics  is  actually  a  sin  \  \  function  (see  figure 
\ .^i  A  linear  envelope,  however,  van  he  obtained  hy  using  a  logarithmic  frequency  scale  as 
shown  in  ligure  A-b  The  negative  amplitudes  ol  the  sine  function  are  inverted  since  only 
magnitudes  are  considered  I  igure  A •(>  depicts  the  spectrum  obtained  for  a  single  pulse 
1 1  •  <*>  and.  I  he  relore,  amplitudes  are  per  megahertz  handw  kith  (broadband  classification! 
If  coherent  '  *  broadband  amplitudes  exist .  then  a  definite  relationship  exists  between 
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I  i(lvi rr  \  f  Three  r>hav  rectification  waveform 
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I  tgurt  \  <■  Interference  Intlfm  4  1  \"!i  !  ns*-.  rectangulai  pulit 


narrowband  and  coherent  hro.1Jh.1iHl  amplitudes  H\  dividing  equation  <  I  1  b>  tin-  pulse 
repetition  rate  1 I’RR  1.  an  .implituJc  pot  I’KK  is  obtained  But 

I’KK 

t(,  ♦  l,  J  in  ti|i urr  V  '  .irul  it  1  replaces  n  I  then  equation  1 1 1  becomes 
narrowband  <  S  MI1  flj 

i’kk  __^:A‘l'^rhroi,ilhand 

■  assuming  low  trequenvK’s  w here  1  sin  rrltf  l  rftr  *  I  1  which  is  the  equation  in  ftp  lire  A-O 


I  r  amplitudes  expressed  in  JR  te  g  .  >A  .is  in  ligure  \-<o  and  bandwidth  in  mega- 
hertz,  the  relationship  becomes 

JR  *A  <  narrow  hand  1  -  2<)  log  tl’RK  in  MHz  >  *  JB  |A  Mil/ (hro.idbaml  1 

I  In  linear  envelope  approximation  lor  a  rectangular  pulse  tries  1  morsels  with  Irequenev 
resulting  in  a  _'i  >-J R  decade-decreasing  slope  iligure  Vm 

I  igure  V~  shows  the  linear  approximation  lor  a  Irape/oiJal  pulse*  m  three  linear  sec- 
lH»ns  Note  that  lor  higher  frequencies  the  pulse  rise  time  is  more  significant  and  results  in  a 
4(hJR  per  decade  decreasing  slope  Slower  risetunes  produce  less  high  frequency  interference 
for  periodic  pulses  the  lowest  (requeues  that  would  appear  would  be  I  1  or  the  pulse  repe¬ 
tition  rate 


! 
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FREQUENCY  MHt 


I  igurc  \  ‘  Init'Mcrrtur  level  lor  j  I  \ •  >1 1  I  itjiv/nuljl  pulse 


I  lu*  interface  levels  lor  .m>  trapezoidal  pulse  .ire  given  on  figure  A -8 .  1  he  area  under 
the  pulse,  maximum  amplitude  ol  the  pulse  and  rale  of  rise-  ol  the  pulse  define  the  envelopes 
of  interference  in  the  three  frequency  regions  1  he  average  pulse  duration  and  the  pulse  rise 
time  determine  the  corner  frequencies 

I  NATION  APPROXIM  ATIONS  I  OR  (  OMMON  Pt  LSI  SH  APTS 

I  he  loci  ol  maximum  amplitudes  lor  eight  common  pulse  shapes  are  shown  on  figure 
A-**  All  have  a  one-volt  peak  amplitude  and  an  average  pulse  duration  of  I  psec  Because  all 
ol  the  pulses  have  the  same  area,  the  interference  levels  at  low  frequencies  are  identical  At 
frequencies  less  than  I  d.  the  interference  level  equals  '  Ad  or  I  TodH  above  a  *iV  per  MH/ 
\hove  a  frequency  ol  approximately  I  d.  the  interference  level  drops  at  a  rate  determined  by 
the  shape  of  the  rise  and  tall  time  of  the  pulse  Tor  a  rectangular  pulse  or  a  clipped  sawtooth 
pulse  i both  of  which  have  step  functions),  the  spectrum  extends  to  higher  frequencies,  it 
decreases  as  the  first  power  of  frequency  ,  or  at  a  rO-dB-per -decade  rate  Tor  a  trapezoidal 
pulse,  a  critically  damped  exponential  pulse,  a  triangular  pulse,  anil  a  cosine  pulse  (all  of 
w hie h  have  sharp  corners),  interference  decreases  as  the  second  power  of  frequency  or  at  a 
40-dB-per-dccade  rate  I  or  a  cosine-squared  puls*-,  which  has  small  corners,  the  interference 
decreases  as  the  third  power  ol  frequency  or  at  a  oO-dB-pcr-decadc  rate  For  a  Gaussian 
pulse,  the  smoothest  pulse  considered,  the  interference  drops  at  a  rate  that  increases  with 
frequency 
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I  lie  curves  on  figure  A-IO  are  identical  to  those  on  figure  A-l>,  hut  the  ordinate  and 
abscissa  scales  have  been  changed  so  that  the  curves  can  he  applied  to  a  pulse  of  any  voltage 
amplitude  and  any  pulse  duration  I  he  ordinate  gives  the  number  of  decibels  Inrlow  2Ad. 
and  the  abscissa  is  plotted  in  frequency  in  terms  ol  I  cl  lo  find  the  interference  level  of  any 
pulse,  calculate  'Ad  Irom  the  peak  pulse  amplitude  and  the  average  pulse  duration  and  select 
the  curve  which  most  nearly  resembles  the  given  pulse  shape  I'his  curve  will  give  the  number 
ot  decibels  below  'Ad  lor  any  frequency 

Although  the  pulse  shapes  analyzed  here  are  ideal,  the  same  methods  may  be  used  for 
other  waveshapes  by  considering  the  waveshape  to  be  made  up  ol  a  number  ol  rectangular 
and  triangular  pulses  I  or  any  pulse  shape,  the  intcrterencc  level  at  low  frequencies  depends 
only  on  the  area  under  the  pulse  at  high  frequencies,  the  level  depends  on  the  number  and 
steepness  ol  the  slopes  l  lie  curves  on  figure  A-IOare  the  envelopes  of  the  Irequency  lobes, 
each  lobe  being  an  envelope  ot  the  harmonic  lines  that  make  up  the  Irequency  spectrum. 
Although  the  true  curves  have  numerous  sharp  nulls,  the  envelope  is  less  than  3  dB  from  the 
average  interference  level  and  represents  the  worst  case-  ol  maximum  interference  level 

FOURIFR  TR  ANSFORM  OF  1  RIM.INO" 

A  djmpcd  sinusoid  "ringing"  waveform  is  described  by 
tin  ae“°’  sin  ^t. 

then  the  Irequency  domain  is  given  by 

1 

,  N  . - - - - 

'o  in*  ♦  d~ 

—  ♦  ,  - 

a  aca 

where  ce  Tel  and  a.o  and  (late  cih-IIk  icnts  necessary  lo  saiisly  till  I  unctions 

1  igure  VII  is  an  example  «>l  the  loci  ot  maximum  Irequency  amplitudes  for  a 
damped  sinusoid  Note  that  it  peaks  at  a  slightlv  higher  Irequency  than  the  ringing  Ire- 
queiuv  and  then  drops  oil  at  40  dH  per  decade  Here  again,  il  this  waveform  were  periodic, 
the  lowest  frequency  that  would  appear  would  be  I  l  ot  the  I’RR 
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APPENDIX  B  INPUT  AND  OUTPUT  WAVEFORMS  FOR  THREE 
TYPES  OF  SWITCHING-MODE  POWER  SUPPLIES 


Figure  B-l  *  depicts  input  and  output  w  avetortns  ts>r  three  types  of  switching-mode 
power  supplies.  Waveforms  jre  shown  lor  both  continuous  and  discontinuous  modes  of 
operation  (discontinuous  inductor  current  occurs  at  light  load  conditions)  Figure  B-2 
shows  wavelornts  lor  the  transition  point  between  continuous  and  discontinuous  modes 
I  he  same  output  voltage  ( Vi  is  assumed  lor  all  three  models  and.  therefore,  the  input  volt¬ 
ages  ate  different  (2V  for  the  buck.  V  2  for  the  boost  and  V  for  the  buck -boost). 

Under  these  conditions  it  appears  that  the  buck-boost  results  in  more  input-conducted 
I  Ml  than  the  buck  \  more  realistic  comparison  is  to  assume  intervening  transformers  and 
the  same  input  voltages  (figure  B-3)  I  he  input  currents  then  have  identical  waveforms. 

To  summarize  the  results  tor  the  three  models  given  the  same  input  voltages  land 
intervening  transformers!  the  following  generalities  hold  true 

a  \  buck  switching-mode  power  suppl)  distorts  the  input  current  more  severely 
than  the  boost  type 

b  \  K<ost  sw  itching  mode  power  supply  results  in  higher  output  ripple  voltage  than 
the  buck  type 

v  \  buck-boost  sw  itching-mode  power  supply  produces  the  buck's  distorted  input 
current  and  the  l*oost's  output  ripple  combining  the  disadvantage  of  each 


•<JC«  KXS T  BUCK  BOOST 


I  igure  H  I  Swilihing  inode  power  supply  omen!  waveforms  for 
sonlinuoiiv  and  diteonlinuout  modes 

*t  i*  ires  H  I  H  and  B  *  were  generated  bv  Mr  (  ail  W  Koscngrani .  \OS(  Code  9234 
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H  *1  «  >  1  D  l»f 


BUCK 


•T*T 


I  igiirc  B  1  Truuloimff  coupled  buck  and  buckb<*ott  twitching-modc 
power  uippliet 


APPENDIX  C  INPUT  tEMIl  EILTER  IN  DC-TO-DC 
SWITCHING-MODE  POWER  SUPPLIES 


INTRODUCTION 

Switching-mode  regulators  require  an  input  tiller  to  smooth  the  current  drawn  from 
the  unregulated  line  supply.  I  he  input  tiller,  however,  un  cause  instability  because 
nw  itching-regulators  base  a  negative  input  resistance  at  low  frequencies.  Middlebrook*  * 
treats  the  problem  in  a  general  manner  for  all  forms  of  sw  itching-converters,  and  develops 
criteria  lor  input  resonant  frequency  and  Q  that  ensure  system  stability  .  in  his  paper  he  ana- 
ly/es  and  gives  criteria  tor  several  types  ot  single-section  input  filters  and  also  one  possible 
two-section  filter  Higher  attenuation  is  more  readily  achievable  with  this  two-section  filter 
\  two-section  tiller  is  also  more  cost  effective  I  his  is  demonstrated  by  Yu.  et  al.5  -  who 
have  formulated  a  design  optimization  methodology  for  switching-regulator  components  and 
circuits  In  the  following  paragraphs,  two  ot  these  optimum  designs  are  analyzed  graphically 
to  demonstrate  their  attenuation  characteristics  l  wo  other  related  topics  are  discussed.  One 
is  the  effect  ot  non-kical  capacitors  and  the  second  is  a  method  of  lossless  resonant  damping. 

MIDDLEBROOK'S  ANALYSIS  AND  (  RITI  RIA 

I  he  sw  itching-modc  converter  acts  as  a  dc  transf  ormer  having  some  voltage  conver¬ 
sion  ratio  \,\  itigure  (It  \ssuming  1 00-percent  efficiency  ( switching  regulators  are 
highly  efticicnti.  the  current  conversion  ratio  is  I,  I  =  I  and  the  converter  input  power 
P  \  sl,  equals  the  output  power  VI  The  regulator  adiusts^i  to  maintain  constant  output 
voltage  and  hence  constant  output  power,  even  it  Vs  varies  Thus  it  Vs  increases,  l(  must 
decrease  suue  input  power  also  remains  constant  resulting  in  a  negative  incremental  input 
resistance  K,  given  by 


t  igure  <  I  Switching  m<>dr  jvwer  vnpplv  av  a  dc  transformer. 

*  1  MkJdirhrook  K  I)  InpuilillertonsideraiionvinllcvignandApplisationsotSwitshingRcgulalnts.'’ 

paper  prevnied  allhc  III  I  Induvlrv  Apph.ationv  Society  Annual  Meeting.  Chkago.  October  I s»7fs 

*  ‘in  A  Rackmann  M  ter  t  I  A  .  <1 RW  Defense  and  Space  Syvtenivl  and  Tnner.  J  T  .(NASA  lewis 

Rewardi  (  enter  i  "formulation  ot  a  Wethodologv  tor  Power  Circuit  Design  Optimi/ation."  paper  pre¬ 
sented  at  Iff!  Power  f  le..tr<>nkv  Speoalivtv  Conlerense.  Cleveland.  OH.  June  lUtft 
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Dm  regulator  negative  input  resistance  K|  in  combination  with  the  input  tiller  can, 
inkier  certain  conditions,  cause  system  instability  Stability,  however,  can  be  assured  by 
adhennit  t<>  two  design  inequalities  as  explained  in  the  billowing  paragraphs. 

tquivatriit  C  ircuit  ot  the  Switching  Regulator 

V  generalized  small-signal  linear  model  is  developed  and  is  represented  by  the  bottom 
con  tig  ura  I  ion  in  figure  C-2  I  he  generalized  mode!  represents  either  the  buck,  boost,  or 
buck-boost  configuration  by  inserting  the  expressions  indicated  in  the  table  for  the  param¬ 
eters  in  the  general  converter  model  In  each  sase.  Vs  and  l>  represent  the  steady  state  (or 
del  input  voltage  and  duty  ratio,  and  V.  the  dc-output  voltage  The  lower  case  letters.  vs,  d 
and  v  are  their  small  signal  as  counterparts  I  he  mode!  is  based  on  averaging  techniques 
whereby  the  model  lor  the  transistor-on  diode-off  time  period  is  averaged  with  the  model 
lor  tfie  transistor-otl-diode-on  time  period  The  figures  directly  beneath  the  three  basic  con¬ 
verter  stages  represent  the  two  different  time  periods  the  left  one  in  all  cases  being  the 
transistor-on  diode-oil  period  The  generalized  model  represents,  with  appropriate  expres¬ 
sions  lor  the  parameters,  any  dc-lo-dc  converter  including  not  only  the  three  basic  configura¬ 
tions.  it  is  subiest  only  to  the  constraint  that  the  converter  operates  in  the  '’continuous"  (or 
"heavy  "i  mode  m  whuli  the  inductor  current  does  not  tall  to  zero  at  any  time  The  resist- 
ance  Kt-  is  an  "elfcctive"  resistance  ol  various  component  resistances  anti  also  of  the  duty 
ratio  whose  principal  effect  is  on  the  (.Mactor  ol  the  averaging  1 1-(  tiller 

t  he  addition  ol  an  input  tiller  (figure  (  i  degrades  the  performance  of  a  switching 
regulator  by  lowering  the  loop  gain  (T  i.  raising  the  line  transmission  factor  (I  t  and  raising 
the  output  impedance  i/,,i  fhese  performance  factorswrll  In-  minimally  affected  if  certain 
criteria  are  adhered  tc 

Subihn  i\  i  nuin  J  (keeping  I  and  I  essentially  unaffected  I  it 

i/%  |i‘Klisi  <  (It 

where  /,  is  the  input  tiller  output  impedance,  and  |i"Zc,  is  the  regulator  open-loop  input 
impedance  </f,  is  the  output  averaging  tiller  input  impedance!  Ihe  other  parameters  are 
defined  in  figure  (  2  fhese  conditions  can  be  examined  graphically  by  looking  at  figure  (  -4 
I  list,  the  expression  lor  closed  loop  input  impedance  i / , t  can  be  expressed  as 

_l__  T  I  t  1 _ l_ 

7t  '*T  #arRf<s»  |4r  n:7.Cf 

\t  dc  and  low  frequencies  where  the  loop  gain  f  is  large,  the  first  term  dominates  and 
Z(  ■»  -  u'Rfist 

However,  abov-  loop-gain  crosv»ver  where  T  falls  below  unity,  the  second  term  dominates 
and 

/  ■*  u-7 
i  M  *cr 
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figure  C-2  Basic  switching  mode  power  supply  configurations. 


INPUT  IMPEDANCE 


FILTER 


CONVERTER 


f  igurc  l  >  Ruvk  regulator  Midi  input  tiller 


FREQUENCY 


Figure  C4  Middle  hruok  ( l*>7h(  ttabilin  criteria 


w  hore  Zei  is  the  impedance  of  the  series-resonant  averaging  Tiller.  Z,  equals  p-R  at  dc  and 
low  frequencies,  declines  along  the  asymptote  *i-  uX  above  I  IRC,  reaches  a  minimum  of 
U-Rc  at  the  averaging  tiller  cut-off  frequency  u)0  -  I  v'T^T,  and  then  rises  along  the  asymp¬ 
tote  u>*i -Le  Hie  upper  curve  in  figure  C-4  illustrates  |/iZej|  (assuming  the  good  approxima¬ 
tion  Re  *<  Ri  figure  (-4  s  upper  curve  also  represents  the  minimum  value  of  IZjl  at  low  fre¬ 
quencies  because  ftsl  in  general  represents  a  zero  and  the  effect  of  f(s>  is  thereby  omitted. 
Note  that  tor  stability  the  Zs  ttlie  lower  solid  curve  in  figure  C-4)  must  lie  below  Zj  at  any 
frequency 

/  or  /,,  M  be  mufti  i  n  J  a  more  stringent  criterion  is  required,  that 

|/v  <  Ur:(R0  ♦  sLe)|. 

where  /„  is  the  output  impedance  of  the  regulator  In  figure  C-4.  |/i~<Re  ♦  sLcll  is  repre¬ 
sented  In  the  dashed  line  and  to  meet  this  criterion.  Zs  must  lie  below  this  dashed  lire. 

<  iruphical  techniques  demonstrated  by  Dr  Middlebrook  for  analyzing  one  and  two 
section  I  (  input  Miters  will  be  presented  using  optimum  filters  designed  by  Or.  Yu.  et  al. 

Yt.  H  \L  <TRW)  DESIGN  OPTIMIZATION  METHODOLOGY 

A  power  processing  optimization  methodology  is  presented  in  reference  ('2  to  meet 
required  specifications  lor  a  design  and  concurrently  to  optimize  a  given  design  quantity 
Such  a  quantity  can  be  weight,  efficiency,  regulator  response,  or  any  other  physically* 
reahzable  entitv  I  liree  inductor  design  examples  are  given  to  demonstrate  the  methodology 

1  A  minimum  weight  inductoi  with  the  wire  size  predetermined. 

2  \  minimum  weight  inductor  subiect  to  a  given  loss  constraint,  and 
1  A  minimum  loss  inductor  subject  to  a  given  weight  constraint 

(  omputer  programs  have  been  prepared  by  1  RW  for  these  optimum  inductor  designs  as  pari 
ot  the  Modeling  and  Analysis  of  Power  Processing  Sy  stems  (VI APPS )  project,  sponsored  by 
NASA  I  ewis  Research  (  enter  under  Contract  *NA3-|‘J(*90  * 

\lv>  given  in  the  TRW  report  are  more  complex  optimum  weight  designs,  one  for  a 
single-stage  and  a  second  for  a  two-stage  filter  These  designs  arc  compared  Theoretical 
equations  and  an  example  are  given  for  each  filter  To  facilitate  a  realistic  comparison,  four 
requirements  were  assumed  identical  for  both  filters 

I  frequency  of  sw  itching  current  =  20  kHz 
(.  attenuation  required  at  frequency  T  3  0  002  (-54  dBl 
l,|c.  dc  current  in  inductors  *  3  amps 
P  power  loss  allowed  =(lh  watts 

‘SOM  has  verified  the  program  *  utililv  b*  trial  application*  and  i»  in  the  process  of  publishing  a  rrpori 
(•milled  “Optimum  Inductor  Design*.  1  beotv  Description*. Computet  Testing*,  and  Validation  Results." 
bv  I  kamm  B*  circulating  such  reports  the  intent  ts  to  enable  power  electronics  designers  to  more  easily 
design  and  improve  the  performance  of  their  equipment 


Single- See! ion  Optimum  Weigh!  Filter 

Figure  C-5  shows  the  schematic  of  the  resultant  minimum  weight  one-stage  filter 
1 449  grams*).  Using  techniques  described  by  Middle  brook  in  referenced,  a  graphical  anal¬ 
ysis  is  also  shown  in  figure  ('-5.  Hie  graphical  analysis  enables  one  to  predict  the  attenuation 
beyond  20  kll/  the  slope  is  — U)  dB  per  decade  (assuming  components  are  frequency  invari¬ 
ant).  The  filter  frequency  turns  out  to  be 

fu  =  I  'rv  LC  =  8l>5  Hz, 

and  its  resonant  peaking  is 

20  logQ*  20  log)  u)0L  R )  =  6  d  B 

Note  that  the  approximate  graphical  anals  sis  results  in  almost  exactly  -54  dB  at  20  kHz  (the 
design  requirement) 

Two- Section  Optimum  Weight  Filler 

I  igure  (  -o  shows  the  schematic  ot  the  resultant  minimum  weight  two-stage  tiller 
<  I' I  grams**)  Here  again  graphical  anals  sis  permits  attenuation  evaluation  at  frequencies 


F'tgureC-5  Single  Vilion  optimum  weight  filter 
*Af*umes  foil  tantalum  capacitor.  .17’  kg  F 

**  Av.umer  (ml  tantalum  capacitor  for  (  (  <  t'2  kg  I  I  and  pols -carbonate  capacitor  for  (  s  l2h00  kg/F> 
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I  ijjutc  (  I  wo-tritiiHi  optimum  weight  liltct 


other  th.in  20  kHz  the  slope  is  -r»()  .JH  ,vr  decade  beyond  20  kHz  (assuming  constant 
parameters!  I  he  tiller  tr.inster  function  contains  tour  poles  and  one  zero.  At  the  lower 
resonant  frequency 

wj  «  I  I  |<  ,  =4  fX  1 0’ 

I,  *  to,  2*  *  I  OS  kHz 

At  the  higher  resonant  frequency  . 

u»;  *  I  I  s(  s  =  4  X5  X  |()s 

fs  =  cj s  ’»  c  .1  51  kHz 


Resonant  peaking  at  the  first  stage  filter  (01  •  (neglecting  the  small  inductor  resistance)  cal 
dilates  to  he  (reference  ('2 1 


0,  •  :0log,0  v<l  +  L|  I  |  R*)  ((€  ■>/(  |  )*■  ♦  (Lj  /(  ,  R*)(  I  -  (  s  (  |  -  LsC  s/I-jC  | )  ». 


Thus. 


0|  *  20  log,,,  y/t\  ♦  ( R  1  Rc):)  ((C2/C,)2  +  (R,/Rc):|I  -CVC,  -(w,/ca:)2|2) 
Q,  «  20  log,0:  05  6.3  dB. 
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and  at  l ho  second  stage. 


Os  =  ;0log10yL:  l  |  »  4.7  dB 

Recommended  Component  Types  Referring  lo  ligure  (-<>,  the  resistor  Rc  is  placed 
m  senes  with  (',  to  control  resonant  peaking  because  negligible  current  Dows  in  C|  and  Rc 
except  during  line  and  load  changes  Hie  following  guidelines  are  recommended  for  selecting 
components  *  •  ^  ^  *’ 

1  Since  (s  supplies  most  of  the  pulse  current,  use  low -dissipative  capacitors  such  as 
ceramic,  mylar,  and  poly-carbonate 

2  Powdered  permalloy  core  for  I  >  will  achieve  a  small  core  loss. 

3  I  or  (  | .  foil  or  wet-slug  tantalum  capacitors,  oi  aluminum  electrolytics  are  suitable 

4  Inductor  l  j  passes  essentially  a  direct  current,  therefore,  eddy  current  and  hyster¬ 
esis  losses  are  negligible  High  saturation  flux  core  material,  such  as  gapped  silicon  steel,  can 
be  used  for  si/e  and  weight  savings  (reserve  tins  capability  is  required  to  prevent  saturation 
during  input  transients  and  audio  susceptibility  tests! 

Optimum  filters  Designed  for  Higher  Attenuation 

Both  the  one-  and  two-stage  filters  were  designed  for  -54  dB  at  20  kHz  II  additional 
attenuation  were  required,  both  tillers  would  need  larger  components  (to  resonate  at  lower 
frequencies!  I  his  would  be  less  costly  with  the  two-stage  tiller  since  the  slope  is  -60  dB  per 
decade  (for  example,  another  10  r>  dB  •>!  attenuation  could  be  obtained  by  shifting  the 
entire  curve  in  figure  C-6  to  the  left  so  that  I  j  is  '00  11/  \\  hereas  in  figure  C-5.  10  6  dB 
additional  attenuation  would  require  shifting  the  resonant  frequency  to  4K0  Hz.! 

I  sing  the  same  biters,  additional  attenuation  can  be  achieved  by  increasing  the 
switching  frequency  for  example,  it  the  frequency  were  doubled  to  40  kHz  the  single¬ 
section  filter  (figure  (  I  i  would  increase  its  attenuation  I  2  dB  at  the  new  switching  fre¬ 
quency  (from  -54  dB  to  -<■.<■>  dBi  I  he  two-section  filter  (figure  <  -2t  would  increase  its 
attenuation  even  more  ( IN  dBi.  resulting  in  '2  dB  at  the  new  switching  frequency  Higher 
switching  frequencies  would  result  in  even  higher  attenuations 

(  APACI  TOR  CONSIIM  R  ATIONS 

Capacitors  are  neither  ideal  nor  frequency  invariant  Typical  low  TSR  1ST  alumi¬ 
num  electrolytic  capacitors  (reference  <  4t  lose  about  I  *  to  50  :  capacitance  from  1  20  Hz  to 
10  kHz  and  lose  25  to  50'  of  the  remaining  capacitance  per  decade  above  10  kHz.  settling  at 


*  N  il.  Y  and  Brrss.  J  J  .  "Some  I  resign  Aspects  (  oncermng  Input  filters  lor  IX  IX  Converters,”  paper 

presented  at  (he  II  !  t  Power  (  nnditioning  Spcvialisls  <  inherence.  Pasadena. (  A.  April  |97| 

(  ^1  a,.oniher.  I  I  Switching  Regulator  <  jpacilor  leshnologv  Optimizing  Ripple  and  I  Ml  Suppression 
Performance.''  paper  presented  at  POWI  R(  ON  5  in  San  I  rancisco. CA.  Mas  Id'N 
Silher.  I)  .  "Simplits  ing  the  Switching  Regulator  Inpul  filler.”  Solid  Stale  Power  Conversion.  May  June 
1975 

*  N  ow  Jell.  R  B  "Bv  pass  f  liters  I  xtend  to  the  (iHz  range  when  Solid  T antalum  Capacitors  Are  Used." 

I  lecironn  Design  15.  I**  Juts  I'!7' 


<  V, 


.i  high  frequency  value  ot  less  than  1  of  lire  1  20-1 1/  capacitance.  ISR  also  decreases  with 
t requeue)'  hut  tor  low  voltage  capacitors,  increases  again,  (t  or  example,  a  <»-V  dc  capacitor 
typically  decreases  with  frequency  about  40  from  120  11/  to  a  minimum  near  I  MHz.  The 
I  SR  then  typically  increases  with  frequency  to  within  25'r  of  the  120-Hz  value  above 
It)  Mil/,  i  I- SI  is  relatively  independent  ot  frequency,  but  it  depends  enormously  on  the 
capacitor's  construction  (it  designed  lor  last  manufacturability  T SI.  typically  runs  more  than 
50  nil  but  low  I  SI  aluminum  electrolytic  capacitors  run  between  0.5  and  15  nHl.  The  net 
ettect  is  to  reduce  the  capacitor's  attenuation  ability  at  high  frequencies.  Above  approxi¬ 
mately  I  50  kll/,  the  capacitor's  ability  to  attenuate  EMI  depends  almost  entirely  on  ESI..  A 
high  voltage  capacitor  especially  designed  tor  low  I  SI  might  be  expected  to  provide  2-<>  dB 
additional  noise  attenuation  at  I  Mil/ and  iKdBat  I  50  kll/.  I  xperimental  results  (refer¬ 
ence  (  4i  using  a  2<>-kH/  power  supply  drawing  5  amps  and  a  low  ISL  input  capacitor 
resulted  in  conducted  I  Ml  values  of  I  2  dBpA  at  1 50  kHz.  -  1 5  dB#M  at  500  kHz.  -In  dBpA 
at  I  MHz.  -2b  dBpA  at  5  MH/.  -50  dBjiA  at  10  MH/.  and  -26  dBgiA  at  30  MHz  (these  points 
are  plotted  in  figure  I  5  I 

ISR  and  capacitance  decrease  with  increased  frequency  for  those  capacitors  generally 
suited  to  switching  regulator  input  filter  applications  (aluminum  electrolytic,  tantalum  foil, 
tantalum  wet  slug,  and  solid  aluminum,  reference  <  5  i  for  example,  it  is  not  uncommon  to 
find  the  capacitance  or  I  SR  of  tantalum  wet  slug  capacitors  at  50  kll/  equal  to  5(K  of  their 
1  20-11/  rated  values  I  he  lowered  capacitance  results  in  a  higher  ripple  voltage  across  the 
capacitor  in  the  time  domain  tat  the  sw  itching  frequency  »  Referring  to  figure  C-5  for  the 
on-stage  filter,  the  frequency  domain  curves  would  be  less  steep  because  attenuation,  vs  Vi, 
at  any  frequency  is  inversely  proportional  to  a  capacitive  function  (vs  v.  =  |  <  |  ♦  icoRC  ♦ 
u>- 1  (  it  (Note  Silber  (relerence  <  5|  also  recommends  a  uniformly  wound  ungapped  toroid 
tor  the  tiller  inductor  it  radiated  I  511  is  to  be  minimized  I 

Solid-tantalum  capacitors  are  recommended  (reference  CM  lor  bypass  filtering 
because  they  have  low  internal  inductance  and  resistance  and  thus  do  not  resonate  until  well 
beyond  1  (ill/  I  hey  can  handle  5  to  100-V  dc.  and  come  in  a  wide  range  of  capacitances. 

I  ven  so.  with  an  I  SI  ot  approximately  20 /all  the  capacitance  decreases  with  frequency 
(  ow  tell  (reference  (  n>  also  discusses  the  ettect  ot  lead  length  at  frequencies  below  100  kHz. 
lead  lengths  to  about  I  5  inches  (totaling  5  inchest  have  little  effect  on  the  insertion  loss  At 
higher  frequencies,  however,  lead  length  increasingly  dow  ngrades  the  insertion  loss  capability 
ot  capacitors  ( so  that  the  insertion  loss  may  decrease  about  1  2  dB  at  1  MHz  with  a  3-inch 
total  lead  length  I 

LOSSLESS  RESONANT  DAMPING 

It  is  usually  undesirable  to  have  a  significant  degree  of  peaking  either  in  the  transfer 
functions  i Hc)  or  the  output  impedance  (Zsl  of  the  input  filter  A  high  Q  transfer  function 
may  overload  the  error  amplifier  and.  for  stability.  /s  should  be  small  compared  to 
(See  figure  C-4  and  page  44  | 

In  a  recent  paper.  Middle  brook*  recommends  a  circuit  for  a  single-section  filter 
which  will  achieve  resonant  damping  without  decreasing  filter  efficiency  The  damping  of  a 

Mid  die  brook.  R  "Design  Techniques  for  Preventing  Input  filler  Oscillations  in  S.viiched  Mode  Regu¬ 
lators."  paper  presented  at  Posset  Conference  5.  San  P randtco.CA.  Mas  |u'H 
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single-section  LC  filter  (figure  (-7)  is  determined  hy  three  resistances  two  in  series  (one 
will)  inductance  (Re)  and  one  with  capacitance  Rc),  and  one  in  shunt  (R  » (across  the  capaci¬ 
tance  and  its  series  resistance).  Increasing  any  of  the  series  resistances  is  undesirable  (result¬ 
ing  in  less  efficiency  or  introducing  a  zero  m  the  transfer  function!  A  preferable  solution  is 
to  parallel  the  load  resistance  w  ith  a  series  combination  of  additional  damping  shunt  resist¬ 
ance  and  a  blocking  capacitor  (to  avoid  power  loss)  I  his  solution  is  represented  in  figure 
(  -X  I  he  parasitK  series  resistances  and  load  resistance  are  omitted  since  damping  is  to  be 
controlled  by  R^  vs  Inch  defines  a  U  factor. 

0  -  Kj  R0 

w  here  R(1  -  V  1  t  is  the  characteristic  resistance'  ol  the  (liter  I  he  blocking  capacitor  is 
detmed  as  n  times  the  original  filter  capacitance  (. 

\n  optimum  damping  resistance  R()  exists  tor  a  given  blocking  capacitance  value  but 
the  optimum  Rt,  (to  get  optimum  (.))  is  different  lor  the  three  properties  of  concern,  trai¬ 
ler  function  till,  input  impedance  iZ,i  and  output  impedance  t/,,1  It  damping  of  one 
Property  is  optimi/cd.  those  ot  the  other  two  will  not  be  optimized  In  applications  to 
switching  regulators,  therefore,  compromises  are  necessary  which  nevertheless  allow  a 
smaller  value  ot  blocking  capacitance  to  be  employed  than  otherwise  would  be  the  case 


APPENDIX  I)  RECEIVER  SENSITIVITY  CONSIDER ATIONS 


One  definition  tor  receiver  sensitivity,  S.  given  internal  noise  power,  N.  is 

ilH.i 

N 

or 

S5N 

For  a  receiver  tront  end  at  a  typical  room  temperature  (T  *  21  (  I.***  the  internal  noise  power 
expressed  in  decibels  is 

NtdBml  *  -  1 14(dBm)  ♦  FtdBl  ♦  10  log  jy  BiMH/I. 

where  E  is  the  noise  figure  of  the  receiver  and  B  is  the  receiver  bandwidth  in  hertz  This 
definition  is  in  terms  of  receiver  thermal  noise  which  is  incoherent  and  holds  lor  either  narrow- 
band  signals  or  broadband  incoherent  noise  Assuming  a  50-ohm  system  and  converting  noise 
power  into  noise  volts 

StdBfiVi  *  N(dB*iVl  =  NtdBml  ♦  l07<dB» 

■  -7(dBml  ♦  FidBi  ♦  10  logjy  BtMUzl 

For  the  20-kHz  region  where  the  calculations  are  being  done,  a  receiver  noise  figure 
(Fi  of  2  dB  was  used  which  is  valid  now  and  expected  to  be  valid  in  the  future  A  narrowband 
calculation  was  performed  because  the  receiver  sensitivities  arc  narrower  than  the  switching 
frequency  harmonics  spectrum  interval  (only  one  harmonic  would  be  received  at  each  receiver 
setting  I  The  most  sensitive  receiver  has  the  narrowest  bandwidth  In  this  case,  it  is  a  receiver 
with  a  bandwidth  of  200  11/  and  the  sensitivity  calculates  to  be 

StdBfiV)  *  ♦  2  ♦  10  log  1 I06  2001  -  -12<dB*A  ) 

This  sensitivity  information  was  turthcr  confirmed  by  discussions  with  personnel  at 
Nl  S(  who  gave  a  lower  limit  ot  h  nV  tor  sensitivity  in  nV  corresponds  to  -44  dBjiY) 


'''white .  D  R  .  HestrumagnetK  Interfcrense  and  Compatibility.  Vol  2  pg*  3  6R-3.71,  Don  White 
Consultants.  Inc  . 
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APPENDIX  E  CALCULATIONS  TO  DETERMINE  SEPARATION 
DISTANCES  TO  PRECLUDE  INTERFERENCE 


MAXIMUM  PERMITTED  FLUX  DENSITIES 

To  limit  the  voltages  induced  into  the  receiver  cables  requires  limiting  the  magnetic 
tield  However,  the  limiting  value  of  magnetic  llux  density  will  depend  upon  the  cable  char- 
actenstics  (Seepage  I  *)  in  main  text  ) 

For  the  less  susceptible  receiving  cable  of  1 1  dBpV/pT.  the  llux  density  (B)  limit  at 
20  kHz  required  to  limit  the  induced  voltages  to  -M  dBpV  (includes  the  20-dB  safety 
factor!  is 

•BtdBfiTl  *  -<*4  dBpV  -ill  dBriV  pT i 

=  -75  dBpT  for  2  SWF  cable  at  20  kHz 

For  the  more  susceptible  cables  of  .14  JH(i\  izT,  the  llux  density  (Bt  limit  at  20  kHz 
required  to  limit  the  induced  voltage  to  -b4  dBgV,  including  20-dB  safety  factor,  is 

HidBjj)  i  =  -b4  dB/iV  -  14  dB>iV  n\ 

*  -UN  dBp  1  for  RG-264A  U  cable  at  20  kHz 

POWFRLINEGENERATED  FLUX  DENSITIES 

I  he  magnetic  llux  density  surrounding  the  powerlme  cable  depends  upon  the  physi¬ 
cal  characteristics  and  dimensions  of  the  powerlme.  the  current,  and  the  distance  from  the 
cable  (For  more  information,  see  main  text  section.  "Magnetic  Field  Fmissions  "l  The 
tables  prepared  b>  Nl'St  (reference  I .!»  were  used  to  determine  the  distances  required  to 
achieve  the  above  limiting  llux  densities  fhese  distances  were  found  for  three  sizes  of  the 
rST.U  type  cable  (the  DST.C  types  have  identical  distancesl  and  alvi  for  different  amplitudes 
of  line  current  The  NUSC  tables  tabulate  llux  densities  in  dBpT  at  intervals  of  one  inch  for 
cables  carry  mg  one  ampere  of  current  As  shown  in  tigurc  I  5,  for  a  one-ampere  pulse,  the 
predicted  noise  current  at  20  kHz  (using  the  two-section  filter  I  would  be  bO  dB  down  from 
one  ampere  « -e«0  dBAt  Correspondingly .  a  10-ampere  pulse  would  generate  -40  dBA  at 
20  kHz  and  100  amperes  would  result  in  a  -20  dBA  component  at  20  klfz  Tables  E-l 
through  F-.l  list  the  flux  densities  for  required  current  values  at  one-inch  increments  from 
the  cables 

NOTI  Calculations  were  only  performed  at  20  kHz.  the  frequency  at  which  the 
maximum  induced  voltage  would  occur.  This  is  true  because  the  induced  voltage  is  linearly 
proportional  to  both  the  magnetic  fickl  and  frequency,  at  a  given  distance  The  magnetic 
field  frequency  component  (proportional  to  the  current  component  i  decreases  more  rapidly 
than  20  dB  per  decade  with  increasing  frequency  up  to  I  MHz  (figure  I5i.  and  correspondingly 


*F>om  main  text. 

V  BtdBl*  II  (IBhV/hT 

therefore  V(dBgV|  -  BfdB»iT)  •  1 1  dB*/V  /iT 

so  for  VdfciV  ■  -M  dftiV 

BldBiif  I  *  -f*4  dB«jV  -(II  dBjjV  mT| 
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affects  the  induced  voltaic  Increasing  the  frequency  causes  an  increasing  20-dB-per-dccade 
change  m  (he  induced  voltage  The  net  resull  is  a  decrease  in  induced  voltage  up  to  1  MHz. 
and  beyond  I  MHz  much  less  sensitivity  is  required  (figure  17). 


fable  I  I  Magnetic  flux  density  versus  distance  from  cable  for  types 
TSC.U-3  and  DSliU-3  cables  (maximum  current  is  12.0  A). 


flux  Density.  JB  microielsa 

Distance  from  t  able, 
inch 

1  -amp 

Cable  Current 

-60  dBA 

Cable  Current 
( filtered  1  ampl 

-40  dH.A 

Cable  Current 
(filtered  10  amp) 

0 

4b  38 

-11  62 

8.38 

» 

0  1 7 

-59  83 

-39.83 

-26  85 

-86  85* 

-66  85 

3 

-4n 22 

-106  22“ 

-86  22* 

4 

-65  07 

-125  07 

-10507“ 

•Maximum  acceptable  tlu\  densities  v  -75  dH|if  • 

••Maximum  acceptable  tlux  densities  v  -‘is  JB*il 


I  able  I  -2  Magnetic  tlux  density  versus  distance  from  cable  tor  types 
I$(il'-I00  and  DStil  - 100  cables  (maximum  current  is  IK.VOampsl 


! 

i-  .  -  -  ----  -  - 

flux  Denuts . 

JH  microtelu 

Distance  from 

| 

-60  dBA 

-40  dBA 

-20  dBA 

Cable. 

1  amp 

Cable  Current 

(  able  Curtcnt 

Cable  Cunent 

inch 

l  able  Cur  tent 

(lihctcd  1  ampi 

tfilteied  10  Al 

1  filleted  100  Al 

3 

-8  07 

-6b  O' 

4 

-20  20 

-80  20* 

5 

-26  18 

•86  18 

-66  18 

6 

-31  97 

-9|  97 

-7|  97 

7 

-37  65 

-9'  65“ 

-7'  65* 

8 

-43  24 

-83  24 

9 

-48  76 

-88  76 

-68  76 

10 

-54  22 

-94  22 

-74.22 

II 

-5«»64 

-99  64“ 

-79  64* 

12 

-65  03 

-85  03 

13 

-70  38 

-9038 

14 

-75  71 

-95.71 

15 

-81  02 

-101  02** 

•Max  tmum  acceptable  flux  Jmsities  ^  -75  dB»iT. 
••Maximum  acceptable  flux  densities  v  -U8  dBu  f. 
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I  able  1-3  Magnetic  flux  density  versus  distance  from  cable  for  types 
r.St»U-’00 and  l)S(iU-'00  cables  ( maximum  current  is  2K4  0  amps). 


Mux  Density,  JB  miciutelxa 


Distance 


■  14  JBA 
Table  Cut  teal 
< filtered  200  A) 


-20  JBA 
(  able  Cuiient 
(filtered  100  A I 


-40  JBA 
Cable  Cuircnt 
( filtered  10  Al 


-60  JBA 
(  able  Current 
( tiltcied  I  amp! 


Maximum  acceptable  tlux  Jenxttiev  v. 
Maximum  a^eptable  tlux  Jcncitir  v 


APPENDIX  F.  EMI  SUPPRESSION  TECHNIQUES  FOR 
SWITCHING-MODE  POWER  SUPPLIES 


INTRODUCTION 

Techniques  arc  discussed  here  to  reduce  I- Ml  caused  by  the  sleep  nse  and  fall  of  the 
switching  waveform.  The  FMI  suppression  methods  include  using  fast  tbut  soft!  recovery 
dKHlcs.  controlling  the  shape  of  transistor  rise  and  fall  times,  using  low  FMI  wiring  techniques 
and  possibly  shielding,  filtering  input  and  output  leads,  and  FMI  confinement  techniques  for 
transformers  and  inductors 

Use  of  Fast  (Soft!  Recovery  Diodes 

Diodes  are  nonideal  and  exhibit  a  phenomenon  known  as  reverse  recovery.  A  spike 
occurs  at  the  end  of  a  diode  conduction  cycle  when  reverse  voltage  is  applied  by  the  transis¬ 
tor  A  short  pulse  of  reverse  current  through  the  diode  is  required  to  sweep  out  minority 
carriers  and  to  establish  the  reverse  biased  junction.  The  transistor  must  supply  this  current 
in  addition  to  the  commutated  inductor  current  Therefore,  there  is  a  corresponding  transis¬ 
tor  current  spike  This  effect  can  be  limited  by  the  use  of  a  fast  recovery  diode. 

-  .-re  the  Schottky  diode  (reference  21 1  is  applicable.one  can  obtain  virtual  freedom 
from  this  source  of  noise  Schottky  diodes  have  low  forward  voltage  drops  but  their  reverse 
leakage  current  increases  with  high  reverse  voltages.  At  the  present  time,  low  reverse  current 
Schottky  rectifiers  are  obtainable^  *  -  with  acceptably  low  reverse  current  and  reverse  volt¬ 

age  capabilities  up  to  or  50  volts  A  safety  factor  is  recommended,  however,  limiting  their 
use  to  lower  voltages  For  higher  voltages. other  types  ol  fast  recovery  diodes  become  increas¬ 
ingly  competitive  as  forward  voltage  drop  diminishes  in  importance  Blatt  (reference  FI  I 
gives  peak  recovery  current  data  at  25  and  1  25°C  for  various  fast  recovery  diodes  (including 
the  Schottky)  For  a  30-amp  forward  current  (with  di  dt  =  30  A  jisec).  the  maximum  recov¬ 
ery  current  (at  I  25°C)  was  I  0  amp  for  the  Schottky.  3.7  amps  for  a  100-nsec  rectifier. 

These  fast  recovery  diodes,  however,  can  generate  radiated  energy  due  to  the  steep 
di  dt  To  control  this  radiation,  use  ferrite  beads  on  transformer  output  leads  feeding  recti¬ 
fier  diodes  and  capacitors  across  the  diodes  ^  New  high  speed  rectifiers  are  now  available 
which  have  a  soft  recovery  characteristic;  reducing  the  di  dt  on  tum-off  and  reducing  the 
need  for  beads  and  capacitors 

Control  of  Transistor  Rise  and  Fall  Times 

Fast  rise  fall  time  transistors  result  in  more  efficient  switching -mode  power  supplies. 
Unless  controlled,  they  also  result  in  high  frequency  radiated  emissions 


*  ’  bUii.F  M  .  “Pick  the  Right 'fast' Rectifiers  to  Design  Switchers  F  flee  lively ."  FDN.  20  January  |97g 

*  *Roehr.  B  .  “Transient  Response  Measurements  of  High  Speed  Rectifier  Diodes."  a  Motorola  Semicon¬ 

ductor  Group  paper 

^  'Bloom.  S  I)  .  and  Massry.  R  P  (Bell  laboratories),  "fmisaion  Standards  and  Design  Techniques  for  FMI 
Control  of  Multiple  DT-DC  Converter  Systems."  paper  presented  at  IFFF  Power  Flee  ironies  Specialists 
Conference.  Cleveland,  Ohio.  10  June  197ft 
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Bloom  and  Mavsey  (reference  I-  3 >  soften  their  main  switching  waveforms  by  control¬ 
ling  the  base  drive  of  the  main  power  switching  transistors.  The  turn-on  time  of  the  transis¬ 
tor  is  limited  by  the  inductance  ot  their  power  transformer,  while  the  turn-off  time  is  slowed 
down  to  one  microsecond  by  a  signal  derived  from  an  R(  network  across  the  transformer. 

I  he  R(  network  also  absorbs  the  inductive  energy  stored  in  the  transformer. 

I  wo  basic  snubbing  configurations  are  show  n  in  figure  I  - 1  Design  equations  for  six 
types of  switching  regulator  and  regulator  converter  circuits  are  given  in  reference  F4.  For 
the  current  snubber,  most  ot  the  power  dissipated  in  the  snubber  would  otherwise  be  dissi¬ 
pated  m  or  radiated  from  the  transistor  I  he  voltage  snubber  can  lead  indirectly  to  improved 
efficiency  by  allow  ing  lor  a  lower  average  junction  tempera!  ure  Recommendations  are  also 
made  tor  component  selection  lor  the  passive  elements  ot  the  two  snubbers  considering  the 
transient  performance  in  addition  to  the  normal  voltage,  current  and  power  constraints.  They 
state  that  more  elegant  techniques  are  available  to  those  who  are  willing  to  trade  simplicity 
for  greater  efficiency 

At  high  power  levels  (  alkin  and  Hamilton*  —*  remove  most  ot  the  switching  losses 
from  the  switching  transistor  with  two  networks,  each  containing  three  components:  an 
inductor  or  a  capacitor,  a  diode,  and  a  resistor  With  proper  design  they  even  somew  hat 
improve  the  overall  efficiency 

Mechanical  Suppression  I rchmques  and  High  Frequency  Filtering 

lo  minimize  internal  radiation,  all  switched  current  leads  should  be  kept  short  and 
the  hot  and  return  leads  twisted,  or  where  the  wiring  is  a  printed  circuit  the  hot  and  return 
leads  should  be  run  in  mirror-image  conductors  f  ins  also  applies  to  parts  of  the  circuit  that 
carry  low  switched  currents  because  m  a  high  impedance  circuit  significant  radiation  can  still 
occur  (reference  I  ,t»  (lOttheb  trelerence  21 1  recommends  that  the  grounding  of  the  large 
input  capacitor,  together  with  that  ot  the  diode,  be  made  separate  from  all  other  compo¬ 
nents  (  are  should  be  exerted  to  avoid  inductive  loops  wherever  possible.  Also,  the  wiring 
layout  should  aim  lor  capacitive  isolation  ot  high  d\  ill  point  in  the  circuit 

It  will  usually  be  necessary  to  enclose  the  power  supply  in  an  attenuating  enclosure 
Considerable  shiekling  information  is  contained  in  a  recent  book  by  Ott  (reference  22  (which 
also  covers  detailed  noise  suppression  information  in  general  For  shielded  enclosures  to  be 
effective,  all  leads  entering  or  leaving  the  slue  Id  should  be  filtered  to  prevent  them  from  con¬ 
ducting  noise  out  of  the  shield  In  some  cases  dor  lower  frequencies!,  normal  decoupling 
filters  are  adequate  At  higher  frequencies,  however,  special  care  must  be  taken  to  guarantee 
the  effectiveness  of  the  filter  Ott  recommends  the  use  of  feedthrough  capacitors  where  the 
conductor  passes  through  the  shiekl.  and  a  mica  or  ceramic  capacitor,  with  short  leads. 

1  4Skanadore.  W  R  ,  "Method*  for  t  tili/ing  High  Speed  Switching  T ransistort  in  High  fnetgy  Switching 
I  nsironmcnls."  publication  bom  General  Senucnnductoi  Industries.  Inc  .  P  0  Box  5078.  Tempe. 

Arizona  85281.  December  1977 

*  *(  alkin.  F  T  and  Hamilton.  B  It  .  “Circuit  Techniques  for  improsing  the  Switching  loci  of  Transistor 
Switches  in  Switching  Regulators."  IF F F  Transactions  on  Industry  Applications.  Vol.  I A-12.  July  - 
August  |97fi 

^hCalkin.  F  T  .  and  Hamilton.  B  H  .  “A  Conceptually  New  Approach  for  Regulated  DC  to  DC  Converters 
I  mploying  Transistor  Switches  and  Pulsewidth  Control."  IFFF  Transactions  on  Industry  Applications. 

Vol  I  A-12.  July- August.  1 47b 
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ct  IMPLEMENTATION  OF 
VOLTAGE  AND  CURRENT 
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Figure  F  I  Voltage  and  current  tnubhere. 


between  the  conductor  aiul  ground  at  the  circuit  end.  (NOTH.  Feed-through  capacitors 
have  very  low  sell-inductance  |no  lead  length)  and,  therefore,  have  better  performance  at 
higher  frequencies. »  Three  other  ways  to  filter  a  power  supply  lead  to  a  high  frequency  cir¬ 
cuit  are  shown  in  figure  1-2.  Shielding  the  conductor  inside  the  enclosure  decreases  the 
noise  picked  up  hy  the  conductor  Additional  tillering  can  he  obtained  w  ith  a  C'-L-C  pi-filler. 
This  pi-f liter  can  he  further  improved  hy  enclosing  the  choke  in  a  separate  shield,  inside  the 
primary  shield  to  prevent  it  from  picking  up  noise.  In  all  the  above  filters,  the  lead  lengths 
on  the  capacitors  and  shield  grounds  must  he  kept  short. 

Although  filtering  ol  input  and  output  leads  is  essential,  packaging  in  a  shielded  enclo¬ 
sure  may  not  always  he  necessary.  Use  of  low  F  M I  techniques  may  he  sufficient  to  permit 
open-frame  power  supplies  Some  newer  techniques  tveing  used  include  the  use  of  lossy  fer¬ 
rites  in  balun  and  other  line  inductors  A  halun  is  a  transformer  used  as  a  longitudinal  choke 
(also  called  a  neutralizing  transformer)  (figure  F-Jl.  A  transformer  connected  in  this  manner 
presents  a  low  impedance  to  the  differential  current  and  allows dc  coupling.  To  any  common¬ 
mode  noise,  however,  the  translormer  is  a  high  impedance  Thus  the  ground  loop  is  broken 
without  the  use  ol  an  isolating  transformer  Ott  (reference  22i  develops  circuit  equations  for 
both  Hr-  differential  and  common-mode  currents  Me  also  suggests  an  easy  way  to  place  a 
longitudinal  choke  in  the  circuit,  simply  wind  the  conductors  connecting  the  two  circuits 
around  a  magnetic  core  as  show  n  in  figure  F-4 

Another  use  tor  ferrites  is  as  heads  Ferrite  heads  provide  an  inexpensive  and  con¬ 
venient  way  to  add  high  frequency  resistive  loss  in  a  circuit  without  introducing  power  loss 
at  dc  and  low  Irequencies  The  heads  arc  small  and  can  he  installed  hy  slipping  them  over  a 
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figure  F-2.  Four  high  frequency  lead  filtering  methods 
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I  igute  F-3  Baiun  of  neutralizing  transformer. 


Figure  F4  An  cas>  was  to  wind  a  halun 


component  lead  or  conductor  They  arc  most  effective  above  1  MH/  and  can  provide  high 
frequency  decoupling,  parasitic  suppression  and  shielding.  They  arc  being  used  to  damp  out 
the  high  frequency  oscillations  generated  by  switching  transients  If  a  single  bead  docs  not 
provide  sufficient  attenuation,  two  or  three  beads  may  be  used.  They  are  frequently  used  as 
part  of  an  FMI  LC  filter  To  reduce  common-mode  conducted  emission.  Bloom  and  Massey 
(reference  F3)  place  a  mylar  capacitor  from  each  input  and  output  lead  to  ground  and  route 
the  input  and  output  leads  through  femte  beads  (figure  F-5)  The  relatively  lossy  mylar 
dielectrics  (compared  to  conventional  ceramic  or  mica  dielectrics)  help  dissipate  the  high 
frequency  energy 

FMI  Confinement  Techniques  for  Transformers  and  Inductors 

Transformers,  not  being  ideal,  have  capacitance  between  primary  and  secondary 
windings,  and  this  allows  noise  coupling  through  the  transformer.  This  coupling  can  he 
reduced  by  providing  a  properly  grounded  electrostatic,  or  Farraday.  shield  (a  grounded 
conductor  between  the  two  windings).  Inductors  wound  on  closed  magnetic  cores  have  less 
external  magnetic  field  than  open  cores.  If  necessary,  high-permeability  magnetic  shielding 
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K  igurc  K-5  Input  output  Ik  ad.  capacitor  filter 

material  can  be  used  to  confine  the  magnetic  field  from  transformers  and  inductors.  Magnetic 
coupling  is  minimized  b>  the  use  ol  twisted  leads.  Ilnalek^  recommends  quadrature  place¬ 
ment  of  toroids  in  reference  to  adjacent  toroids  to  minimize  magnetic  cross-coupling  He 
also  recommends  ‘>0  orientation  of  high-level  and  low -level  twisted  pairs  where  they  must 
cross 


Wi 


